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ABSTRACT  
 
 
Expansion is a very critical process that affects the final structural, mechanical and 
textural characteristics of the extruded products. An understanding of the expansion phenomenon 
is necessary in order to control and/or improve the functionality of starch products. The hybrid 
mixture theory based model developed by Takhar (2014) was used to obtain a computer model, 
which can be used to design, optimize and/or control the process conditions, and improve the 
specific characteristics of expanded biopolymers. Water, vapor and heat transport mechanisms 
and thermo–mechanical changes occurring inside the expanding extrudate were described using 
the two–scale unsaturated transport equations coupled with the poroviscoelasticity equations. 
The poroviscoelastic extrudate matrix interacted with the fluids (liquid water, vapor and air 
mixture) contained in its pores. Transport equations were transformed from the moving Eulerian 
coordinates to the stationary Lagrangian coordinates. Good agreements between the simulated 
and the experimental values of surface temperature, moisture content and expansion ratio of the 
extrudates at different extrusion conditions were obtained. Simulations showed the transition 
from rubbery to glassy state at different spatial locations across the cross–section of the 
extrudate. The model was also used to predict the temperature, moisture content, and pressure 
distribution within the extrudate. The extrudate moisture content deceased after exiting from the 
die due to water evaporation, which resulted in an increase in the glass transition temperature. 
Therefore, a glassy crust was developed from the surface to interior. An increase in pore pressure 
of the extrudate caused rapid starch expansion until it reached a maximum. The extrudate 
stopped expanding when the pore pressure gradient became zero, and collapsed when the pore 
pressure reduced further to make a negative pressure gradient.  
The viscoelastic properties also provide an indication about the textural characteristics of 
starch as a function of extrusion conditions. The viscoelastic properties of extruded cornstarch 
were measured as a function of process conditions. The extruded cornstarch samples were 
conditioned in the moisture range of 12.9–31.2% (dry basis). Dynamic and creep behavior of the 
extrudate were evaluated using a dynamic mechanical analyzer. The storage (G′) and loss moduli 
(G′′) were determined in the temperature range of 30-100°C and oscillation frequency range of 
0.1-51 Hz. The G′ and G″ values showed an increasing trend with a decrease in temperature and 
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moisture content and an increase in frequency. This implied an increase in solid-like behavior 
when the temperature and moisture content were reduced or the frequency was increased. 
Rheological parameters based on creep behavior were assessed at 30, 60 and 85°C. Creep data, 
fitted using Burger’s model, were highly dependent on both moisture content and temperature. 
The viscoelastic properties obtained in this experimental research were used in the transport 
model for studying the expansion of starch during extrusion.  
For validating the predictive model, expansion experiments were conducted. Three 
response parameters (apparent density, porosity and expansion ratio) were examined for 
investigating the expansion characteristics of cornstarch as a function of extrusion conditions. 
Cornstarch with moisture contents of 18.3, 26.1 and 34.8% (dry basis) were extrusion cooked in 
a twin-screw extruder at barrel temperatures of 120 and 140°C and screw speeds of 200, 300 and 
400 rpm. Results indicated that feed moisture content, barrel temperature and screw speed had 
significant effects on the density, porosity and expansion ratio of extruded cornstarch products 
(p<0.05). Increases in feed moisture content resulted in increases in bulk density and decreases in 
porosity and expansion ratio (p<0.05). Increases in barrel temperature and screw speed resulted 
in decreases in bulk density and increase in porosity and expansion ratio (p<0.05). In addition, 
the moisture content and surface temperature of the extruded products were influenced by 
extrusion conditions. Lowering the feed moisture content and increasing the barrel temperature 
and screw speed caused a lower moisture content and higher surface temperature of the 
cornstarch extrudates (p<0.05).  
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CHAPTER 1  
OVERVIEW 
 
 
Extruded cornstarch has been widely utilized in the production of various biodegradable 
materials for agricultural, medical and biotechnological applications. Viscoelastic properties of 
starch extrudate influence its machinability and quality. Tuning these properties is necessary for 
obtaining starch-based products with desired textural properties. Starch expansion is an 
important phenomenon that affects the structural, mechanical and textural characteristics of the 
extrudates. After the extrudate exits the die, its structure expands in a few seconds because of the 
pressure difference between the interior and the exterior of the extruded matrix. A porous 
structure is formed when the phase changes occur in the starch melt as the plasticizer (water or 
blowing agent) evaporates to vapor phase along with the pressure and temperature drop due to 
the evaporation. The expansion of starchy products is dependent on ingredient composition and 
extrusion conditions such as starch source, feed moisture content, die and nozzle dimensions, 
barrel temperature, feeder speed, screw speed, and residence time distribution (Ali, Hanna, & 
Chinnaswamy, 1996; Chinnaswamy & Hanna, 1987; Robin, Dubois, Pineau, Schuchmann, & 
Palzer, 2011; Thymi, Krokida, Pappa, & Maroulis, 2005; Valle, Vergnes, Colonna, & Patria, 
1997). Due to complexity of extrusion process, the experimental results have not been adequate 
to describe the starch expansion behavior. Moreover, several studies have been conducted to 
model the expansion of polymers during extrusion (Fan, Mitchell, & Blanshard, 1994; Kokini, 
Chang, & Lai, 1992; Lee, 2000; Mao, Edwards, & Harvey, 2006; Park, 1976; Patil, Berrios, 
Tang, & Swanson, 2007; Shafi, Lee, & Flumerfelt, 1996; Wang, Ganjyal, Jones, Weller, & 
Hanna, 2005). Although these studies provide an excellent insight into the expansion 
mechanism, most of them focused only on a given mechanism and used single–scale approaches. 
Therefore, the goal of the present research was to develop a predictive model to identify process 
parameters, which influence starch expansion and the thermo–mechanical properties of extruded 
starch–based products. The developed model of starch expansion can provide a good guidance 
for understanding the expansion mechanism and for production of new products, and optimize 
and/or control the extrusion conditions.  
  
 2 
For the first section of this research in Chapter 3, the viscoelastic properties of 
cornstarch extrudates were determined by using dynamic mechanical analyzer (DMA). Then, the 
influence of moisture content and temperature, on storage and loss moduli and creep behavior of 
cornstarch extrudates were investigated. The viscoelastic properties obtained in the experiments 
were used in the poroviscoelastic model for solving the transport processes occurring in the 
cornstarch expansion, which are presented in the second section of this research. In Chapter 4, a 
hybrid mixture theory based model (Takhar, 2014) was used for predicting the fluids transport 
and thermo–mechanical changes that occur in the expanding cornstarch during the extrusion. The 
transport processes occurring inside the expanding extrudates were described using a multiphase 
porous media model. The solid phase was modeled as viscoelastic and the fluids phases were 
modeled as viscous at the microscale. In the above equations the viscoelastic solid interacts with 
the viscous fluids in the pores to result in a poroviscoelastic system with a short memory at the 
macroscale. Two–scale unsaturated transport equations coupled with the poroviscoelastic 
equations were useful for evaluation of the water, vapor and heat transport mechanisms 
occurring inside the cornstarch expansion as influenced by different extrusion conditions. For 
validating the model, the expansion experiments were conducted in Chapter 5. The predicted 
results, in terms of the surface temperature, moisture content and expansion ratio of the extruded 
cornstarch were compared with the experimental data. 
 
1.1 INTRODUCTION 
Corn is a predominant source of food starch in North America. It has been commonly 
used in many industrial products in both food and non–food areas. The U.S.A. is the largest corn 
producing and exporting country in the world. In 2013, 9% of corn was used for making 
cornstarch in the U.S.A. (Anonymous, 2014); about 2.6 million tons of cornstarch was used for 
consumer and industrial purposes. The U.S.A. exported $368 million worth of cornstarch (native, 
modified and dextrin) in 2013 (Anonymous, 2014). Cornstarch is an abundant, natural, 
renewable, safe and economic biopolymer with unique characteristics that play an important role 
in the processing of starch–based materials. It provides texture and other functional properties in 
both food and non-food areas (Geng, Chang, Yu, & Ma, 2010; Lazou & Krokida, 2010; Shogren, 
1992; Yoshimura, Takaya, & Nishinari, 1996). Extrusion technology, as a flexible and 
continuous process, is an economical and efficient technology. Starch extruded at different 
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extrusion conditions lead to different textural characteristics. Several researchers used 
viscoelastic properties to predictably control the texture of the extruded product (Chanvrier, 
Della Valle, & Lourdin, 2006; Shogren, 1992). The relation of the extrusion condition (such as 
temperature and moisture content) to viscoelastic properties of extruded cornstarch can be 
investigated using the DMA, which is usually used to trace the macro–behavior of materials 
caused by changes inside the microstructure of materials. It enables the individualization and 
characterization of the elastic and viscous components of viscoelastic materials (Chanvrier, Della 
Valle, & Lourdin, 2006; Kasapis, 2009; Menard, 2008). Therefore, these viscoelastic properties 
can be a reference in the fluids and heat transports in the extruded product for studying starch 
expansion. 
Starch expansion has been widely used for production of various foods, biodegradable 
materials for agricultural, medical and biotechnological applications such as snacks, breakfast 
cereals, breads, confectionary, and biofoams for packaging (Domingo & Morris, 1999; Lazou & 
Krokida, 2010; Mao, Imam, Gordon, Cinelli, & Chiellini, 2000; Robin, Engmann, Pineau, 
Chanvrier, Bovet, & Della Valle, 2010; Thymi, Krokida, Pappa, & Maroulis, 2005). Expansion 
is a complex phenomenon, which includes phase transition, nucleation, bubble growth and 
collapse (Patil, Berrios, Tang, & Swanson, 2007). The starch melt forms a porous structure after 
passing through a die nozzle because the high pressure in the final stages inside the extruder is 
suddenly dropped to low pressure outside the extruder. The extrudate expands due to bubble 
growth and elastically recovers after the plasticizer (water or blowing agent) in starch melt 
evaporates (Colonna, Melcion, Vergnes, & Mercier, 1983; Ganjyal & Hanna, 2006; Harper, 
1981; Kokini, Chang, & Lai, 1992; Park, 1976). Expansion is a very critical process that 
determines the final extrudate characteristics. Thus, an understanding of the starch expansion 
phenomenon is necessary in order to control and/or improve the functionality of starchy 
products.  
As the material coefficients used in equations need to be determined at the same scale of 
the equations, it is very difficult to measure them in the experiments at microscale. Therefore, the 
multiscale hybrid mixture theory (HMT) for unsaturated porous media can be used to average the 
microscale equations twice to obtain equations at the meso and macroscales using the 
mathematical filtering theorems (Cushman, 1997). The predictive model is an expected outcome, 
which can be used to identify the effect of process parameters on properties of the starch 
 4 
expansion. It will be useful to reduce time and waste of running the trial and error experiments in 
production of a new product. This modeling approach integrated with relevant experimentation, 
developed in this work, will be an ideal framework to improve the design and to optimize the 
extrusion process of starches and other biopolymers. 
 
1.2 SPECIFIC OBJECTIVES 
The overall goal was to formulate and validate a predictive model describing the coupled 
two–scale unsaturated transport and thermomechanical poroviscoelasticity equations developed 
by Takhar (2014). In order to achieve the goal of this study, the specific objectives are: 
(1) To develop a multiscale HMT based model for predicting the fluid transport and 
thermo–mechanical changes in starch expansion during extrusion. 
(2) To obtain the material properties and transport parameters used in the model by 
experimental determination and literature search.  
(3) To determine the viscoelastic properties of cornstarch extrudates by using DMA and 
investigate the effect of moisture content and temperature on the mechanical properties of 
cornstarch extrudates. 
(4) To solve the model using a commercial finite elements software package (COMSOL 
Multiphysics Ver 4.4). 
(5) To validate the model by comparing the experimental results with the predicted 
results. 
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CHAPTER 2  
EFFECT OF TEMPERATURE AND MOISTURE ON THE MECHANICAL 
PROPERTIES OF EXTRUDED CORNSTARCH * 
 
 
2.1 ABSTRACT 
The viscoelastic properties of extruded cornstarch were measured as a function of process 
conditions. Extruded cornstarch samples were conditioned in the moisture range of 12.9–31.2% 
(dry basis). Dynamic and creep behavior of the extrudate were evaluated using a dynamic 
mechanical analyzer. The storage (G′) and loss moduli (G′′) were determined in the temperature 
range of 30-100°C and oscillation frequency range of 0.1-51 Hz. The G′ and G″ values showed 
an increasing trend with a decrease in temperature and moisture content and an increase in 
frequency. This implied an increase in solid-like behavior when the temperature and moisture 
content were reduced or the frequency was increased. Rheological parameters based on creep 
behavior were assessed at 30, 60 and 85°C. Creep data, fitted using Burger’s model, were highly 
dependent on both moisture content and temperature. 
 
2.2 PRACTICAL APPLICATIONS 
The viscoelastic properties obtained in this experimental research can be used for solving 
the non-Fickian fluid transport model for studying the expansion of starch during extrusion. The 
viscoelastic properties also provide an indication about the textural characteristics of starch as a 
function of extrusion conditions. 
  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
*  Reprinted with permission from John Wiley and Sons, Copyright © 2013 (See Appendix A 
for documentation of permission to republish this material) 
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2.3 INTRODUCTION 
Cornstarch is an abundant, natural, renewable, safe and economic biopolymer with 
unique characteristics that play an important role in the processing of starch-based materials. It 
has been widely used in many industrial products to provide texture and other functional 
properties in both food and non-food areas (Geng, Chang, Yu, & Ma, 2010; Lazou & Krokida, 
2010; Shogren, 1992; Yoshimura, Takaya, & Nishinari, 1996). The U.S.A. is the largest corn 
producing and exporting country in the world. In 2010, 12% of corn was used for making 
cornstarch in the U.S.A. (Anonymous, 2010); about 6 million tons of cornstarch was used for 
consumer and industrial purposes. The U.S.A. exported $3 billion worth of products made from 
cornstarch (native, modified and dextrin) in 2009 (Anonymous, 2010). 
Extrusion technology is an effective, economic, continuous and flexible process used in 
food and biopolymer industries. Several studies have investigated the role of extrusion 
processing variables on the quality of starch-based products (Arhaliass, Legrand, Vauchel, Fodil-
Pacha, Lamer, & Bouvier, 2009; Carvalho, Takeiti, Onwulata, & Pordesimo, 2010; 
Chinnaswamy & Hanna, 1990; Lazou & Krokida, 2011; Owusu-Ansah, Van de Voort, & 
Stanley, 1983; Robin, Engmann, Pineau, Chanvrier, Bovet, & Della Valle, 2010; Zhu, Shukri, de 
Mesa-Stonestreet, Alavi, Dogan, & Shi, 2010). Extruded cornstarch has been widely used in the 
production of various biodegradable materials for agricultural, medical and biotechnological 
applications (Adamu, 2001; Chinnaswamy & Hanna, 1990; Domingo & Morris, 1999; Mao, 
Imam, Gordon, Cinelli, & Chiellini, 2000). 
Dynamic viscoelasticity is a good indicator of the internal structural changes of the 
biopolymers at the microscale. The viscoelastic properties of extrudate can be used to optimize 
the process that can minimize losses of the production process and provide information for 
understanding the structure of starch. The knowledge about dynamic viscoelasticity can help to 
control the process and the final product properties. Several researchers used viscoelastic 
properties to predictably control the texture of the extruded product (Chanvrier, Della Valle, & 
Lourdin, 2006; Shogren, 1992). 
The dynamic mechanical analysis (DMA) provides a method for determining 
thermomechanical characteristics of the material by measuring the storage and loss moduli as a 
function of frequency, temperature or time. DMA can trace the macro-behavior of materials 
caused by changes inside the microstructure of materials. It enables the individualization and 
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characterization of the elastic and viscous components of viscoelastic materials (Chanvrier, Della 
Valle, & Lourdin, 2006; Kasapis, 2009; Menard, 2008). DMA has been proven to be a 
convenient technique to study the phase transitions of starch, especially for starch at low-
moisture contents (≤ 50%) (Liu, Xie, Yu, Chen, & Li, 2009). Chanvrier, Colonna, Della Valle, 
and Lourdin (2005) obtained the structure and dynamic mechanical behavior of extruded corn 
flour and cornstarch-zein-based materials at different temperature levels (30-150°C). Amorphous 
cornstarch with 12.0% water content (wet basis) presented a tan δ peak temperature at 98°C. 
Shogren (1992) performed mechanical test on extruded cornstarch, with 14% moisture in the 
temperature range of -150-100°C. The result showed that the G′ value had a rapid decrease at 
40°C, which is similar to the transition to the equilibrium amorphous state observed using the 
Differential Scanning Calorimeter (DSC) at 40-50°C. To model rapid expansion rate during 
extrusion, dynamic viscoelastic properties are needed as a function of frequency. 
The glass transition temperature (Tg) of an amorphous solid determines its viscoelastic 
properties. It typically becomes a critical parameter in the study of amorphous and 
semicrystalline materials. The use of Tg is well established as a powerful tool to analyze the 
effect of process and storage conditions on the material characteristics. The viscoelastic behavior 
in relation to glass transition behavior of cornstarch-based product has been explored (Bindzus, 
Livings, Gloria-Hernandez, Fayard, van Lengerich, & Meuser, 2002; Chanvrier, Colonna, Della 
Valle, & Lourdin, 2005; Jouppila & Roos, 1997; Zhong & Sun, 2005). A study on the glass 
transition of extruded wheat, corn and rice starch has suggested that Tg of the starch extrudates is 
similar to that for gelatinized wheat starch (Bindzus, Livings, Gloria-Hernandez, Fayard, van 
Lengerich, & Meuser, 2002). Additionally, Zhong and Sun (2005) used DSC to detect the change 
in heat capacity occurring over the transition temperature range. They found that the gelatinized 
cornstarch had higher glass transition temperature than the native cornstarch. The gelatinized 
cornstarch containing 11.9–24.0% moisture content exhibited Tg in the temperature range of 19-
100°C. The Tg shifted toward lower temperatures as the moisture content increased and the glass 
transition of gelatinized cornstarch with moisture content of 29.5% or above was below -4.6oC. 
Slade and Levine (1988) reported that the Tg occurred below room temperature at moisture 
contents greater than 22%. 
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Creep compliance testing is an important tool for investigating the viscoelastic behavior. 
In the creep test, the strain is measured under a constant stress as a function of time at different 
temperatures. The complete creep curve can be described using the Burger’s model, which is 
commonly used to describe the viscoelastic behavior of the materials under static load (Chuang 
& Yeh, 2006; Cuq, Gontard, Cuq, & Guilbert, 1996; Dolz, Hernandez, & Delegido, 2008; Li, Li, 
Wang, Ozkan, & Mao, 2010; Lui & Peng, 2007). The Burger’s model is the mathematical 
expression of the combination of mechanical analogues (one or more Kelvin–Voigt units and the 
Maxwell unit). The Maxwell model of a viscoelastic material consists of a Newtonian dashpot 
and a Hookean spring connected in series, whereas the Kelvin-Voigt model contains a 
Newtonian dashpot and Hookean spring connected in parallel (Dodan & Kokini, 2007; Rao, 
Delaney, & Skinner, 1995; Steffe, 1996). The creep compliance J(t) for the Burger’s model is 
given by the general equation: 
1 2 2 1
1 1 t tJ(t) 1 exp
E E
⎛ ⎞⎛ ⎞
= + − − +⎜ ⎟⎜ ⎟⎜ ⎟τ η⎝ ⎠⎝ ⎠
 Equation Chapter 2 Section 1 (2.1) 
where  is the instantaneous elastic modulus,  is an element of the retarded modulus 
associated with time constant , t is the creep time and is the viscosity component of the 
Newtonian dashpot. The time constant is related to the viscosity  of the Voigt unit: . 
Moisture is a major component of extruded starch; consequently, an understanding of the 
influence of the moisture content on the dynamic mechanical properties has both scientific and 
commercial importance. The DMA can demonstrate the effect of different moisture levels on the 
structural properties of the biomaterials (Kasapis, 2009; Singh, Maier, & Campanella, 2001). An 
increase in moisture causes a decrease in the G′ value. The extruded cornstarch containing higher 
moisture level (20.0%) became brittle much more rapidly than those with lower moisture level 
(11.1%) (Shogren, 1992). 
Using DMA, extruded cornstarch with different moisture contents was used as a model 
material to study its dynamic viscoelastic properties at different temperatures. The objective of 
this study was to characterize the effect of moisture content, temperature and frequency on the 
storage and loss moduli of the cornstarch extrudates and to evaluate the effect of moisture 
content and temperature on their creep compliance properties. The viscoelastic properties 
obtained in this experimental research can be used for solving the non-Fickian fluid transport 
 E1  E2
 τ2  η1
η2 η2 = E2τ2
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model for studying the expansion of starch during extrusion (Singh & Singh, 2003). The 
viscoelastic properties also provide an indication about the textural characteristics of starch as a 
function of extrusion conditions. 
 
2.4 MATERIALS AND METHODS 
2.4.1 Sample Preparation 
Native cornstarch (A. E. Staley PFP powder, Decatur, IL, USA), composed of 25% 
amylose and 75% amylopectin, was blended with calculated amounts of water and with 1% talc 
as a nucleating agent. The blends were adjusted to moisture content of 27% (dry basis [d.b.]) and 
extruded as flat ribbons using a single screw extruder (CW Brabender Instrument Inc., South 
Hackensack, NJ). The extruder had a barrel length-to-diameter ratio of 20:1. The mixing screw 
was 19.05 mm in diameter. The compression ratio achieved inside the barrel was 3:1. The ribbon 
die insert used in the experiments had a diameter of 1.5 mm and a length of 25 mm. The barrel 
temperature gradients were 90°C (conveyer section), 110°C (compression section) and 120°C 
(die section). The speed of the screw was 45 rpm. The screw is capable of extruding at low speed 
to obtain extrudates with low expansion and porosity (Őzer, İbanoğlu, Ainsworth, & Yağmur, 
2004). 
The extruded samples were stored at 20.3±1.5°C in chambers containing saturated salt 
solutions (magnesium chloride [MgCl2], sodium chloride [NaCl] and potassium sulfate [K2SO4]) 
until equilibrium was attained. Equilibrium relative humidity (ERH) values with MgCl2, NaCl 
and K2SO4 at 20°C are shown in Table 2.1 (Greenspan, 1977). Samples were considered to reach 
equilibrium after 5 days of conditioning when the weight of the samples became constant. The 
equilibrium moisture content (EMC) of the samples for each ERH condition was measured 
(Table 2.1). The samples were cut into cuboidal shape with dimensions of 60.0 mm × 12.6 mm × 
2.5 mm and coated with silicone-based hydrophobic grease (High Vacuum Grease, Dow Corning 
Co., Midland, MI) to minimize the water loss during the experiments. The weight of samples 
was recorded before and at the end of a DMA run to measure moisture loss during the run. The 
moisture loss during a given experimental run was less than 5%. 
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2.4.2 Water Determination 
The moisture content of each extruded sample was determined using a slight variation of 
AACC method no. 44-15A (AACC, 2000). The samples were dried in an air oven at 105°C for 5 
h until constant weight was reached. 
 
2.4.3 DMA 
The DMA used a Q800 DMA (TA Instruments, New Castle, DE) with a dual cantilever 
clamp. During dynamic testing, an oscillatory strain was applied to a sample and the equipment 
measured its resulting stress response. The stress-strain data were converted to the storage (G′) 
and loss (G′′) moduli, and complex modulus (G*) by the equipment software. The complex 
modulus is related to the storage and loss modulus with the following equation (Christensen, 
2003): 
*G (i ) G ( ) iG ( )′ ′′ω = ω + ω   (2.2) 
where i is the complex number and  is the angular frequency. In all experiments, a dynamic 
deformation with 0.05% strain, which was within the linear viscoelastic region (Shim & 
Mulvaney, 2001), was imposed on the extruded starch samples. Tests were conducted under 
continuous temperature and frequency changes. 
 
Temperature Sweep Tests 
Temperature sweeps were performed while deforming the samples at oscillation 
frequency of 0.1, 28.4 and 51 Hz. Measurement was taken at a heating rate of 3°C/min over a 
temperature range from 30°C to 100°C. 
 
Frequency Sweep Tests  
Frequency sweeps involved oscillatory tests performed at variable frequencies while 
keeping the measuring temperature at a constant value. The DMA specimen was kept isothermal 
for 5 min before a frequency sweep started to allow temperature equilibration. Measurements 
were taken at 30, 60 and 85°C and at 10 different frequencies from 0.1 to 51 Hz. 
  
ω
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All samples were replicated and the reported values were the average of the six DMA 
measurements. The length of error bar showed the standard deviation value of the obtained data. 
 
Creep Tests  
The DMA was used to study creep deformation behavior with the dual cantilever clamp. 
Creep tests were performed at 30, 60 and 85°C. The temperature was raised to the desired level 
and kept constant for 5 min before applying a load. The preload force of 0.001 N and a constant 
stress of 0.01 MPa were applied to the creep specimens for 5 min and then they were removed 
and recovery measurements were recorded. 
 
2.4.4 Data Analysis 
The and  values were imported into the excel software to obtain the polynomial 
regression equations as a function of moisture content, temperature and frequency. The creep 
compliance data were modeled according to Burger’s model using the nonlinear regression in 
MATLAB (The Mathworks Inc., Natick, MA). 
The data were analyzed using the statistical analysis software (SAS Institute, Cary, NC). 
Duncan’s t-test was used to estimate the significant differences between various parameters at 
the 10% significance level (p < 0.05). 
 
2.5 RESULTS AND DISCUSSION 
2.5.1 Temperature Sweep Tests 
Figure 2.1 show the variation in the  values at different temperatures for 12.9, 19.5 and 
31.2% moisture contents, performed at three different frequencies, namely 0.1, 28.4 and 51 Hz, 
respectively. The  value changed significantly during the heating process. The  values 
decreased from 50.2 to 76.5% as the temperature increased from 30 to 90°C. Upon heating, the 
materials soften progressively and macromolecular matrices achieved properties related to the 
rubbery state. The  value decreased with increasing temperature due to softening of the 
samples, consistent with the previous results from other researchers (Chanvrier, Della Valle, & 
Lourdin, 2006; Hundal & Takhar, 2009; Kim, Caruthers, & Peppas, 1993; Li, Li, Wang, Ozkan, 
& Mao, 2010; Shogren, 1992; Siebenmorgen, Yang, & Sun, 2004; Yoshimura, Takaya, & 
Nishinari, 1996; Zhou, Wang, Li, Yana, Li, Shi, Chen, & Mao, 2009). 
′G ′′G
′G
′G ′G
′G
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At the same moisture content level, the samples tested at 0.1 Hz showed lower G′ values 
than those of 28.4 and 51 Hz, consistent with the results from Singh, Maier, and Campanella 
(2001) and Hundal and Takhar (2009), indicating that the solid-like behavior increased with an 
increase in frequency. Comparing these three moisture contents of the samples, a significant 
difference among the G′ values were observed (p < 0.05). The 12.9% samples showed higher G′ 
values than those of 19.5 and 31.2%. The G′ values decreased by 2.31 ± 0.23 and 5.68 ± 0.61 
times due to an increase in moisture content from 12.9 to 19.5% and from 19.5 to 31.2%, 
respectively. Moreover, the decreasing rates of the G′ values with temperature of the samples 
with moisture content of 19.5% were higher than those of 12.9 and 31.2% (Table 2.2), which 
were affected by the transition from the glassy to the rubbery state, as discussed in the following 
paragraph. Thus, water acted as a plasticizer. Water affects the concentration of crystallizing 
food components and plasticizes most hydrophilic, amorphous food materials. Water 
plasticization results in increasing the flexibility or extensibility of the viscoelastic materials 
while decreasing the G′ values of the viscoelastic materials (Biliaderis, Lazaridou, & 
Arvanitoyannis, 1999; Kasapis, 2009; Singh, Maier, & Campanella, 2001). 
Figure 2.2 displays the effect of temperature, moisture content and oscillation frequency 
on the G′′ values of the extruded starch. At all frequency levels, the G′′ values of the sample with 
31.2% moisture content showed a decreasing trend when the temperature increased. At 0.1 Hz, 
the G′′ values of the samples with moisture contents of 12.9 and 19.5% decreased when the 
temperature increased at a lower level, but increased to its peak when the temperature was raised 
above onset temperature and then decreased after that. At 0.1 Hz, the G′′ value of extruded starch 
at 12.9% moisture content stopped decreasing when the temperatures reached 35.8 ± 2.3°C, and 
a modulus peak appeared at 56.0 ± 2.9°C (Figure 2.3). The sample with moisture content of 
19.5% at 0.1 Hz showed similar profile, where the onset temperature and the peak temperature 
were 33.3 ± 1.8°C and 56.8 ± 0.6°C, respectively. However, the G′′ onset and the G′′ peak for 
the samples with moisture contents of 12.9 and 19.5% were not detectable at the tested frequency 
of 28.4 and 51 Hz. Their G′′ values were decreasing during the heating process, which was the 
same trend as the test samples with 31.2% moisture content. The glass transition occurs over the 
temperature range of 30–90°C. The tan δ versus temperature curves (tan δ = G′′/G′) for the 
extruded starch with moisture content of 19.5% tested at 0.1, 28.4 and 51 Hz are presented in 
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Figure 2.4a. The onset temperature, as determined from the tan δ versus temperature relationship, 
was selected to indicate the Tg that is presented in Figure 2.4b. Siebenmorgen, Yang, and Sun 
(2004) developed a protocol to measure the glass transition temperature of brown rice kernels 
using DMA. They used the G′′/G′ versus temperature curves to determine Tg as the onset 
temperatures of glass transition from G′, G′′ and G′′/G′ were similar. The extrudates with 
moisture content of 19.5% present the onset temperature between 46 and 48°C. The onset 
temperatures in the extruded starch with moisture contents of 12.9 and 31.2% were not 
detectable. These results are in agreement with the previous result from Zhong and Sun (2005), 
in which the Tg of gelatinized cornstarch with moisture content higher than 29.5% was below 
room temperature and at 12.9% moisture content, the Tg was around 91°C. Thus, Tg at 12.9 and 
31.2% moisture content is expected to be above the maximum (>90°C) and below the minimum 
(<30°C) temperature range of our tests. 
The sample with moisture content of 12.9% showed higher G" values than those of 19.5 
and 31.2%. The G′′ value decreased by 2.89 ± 0.36 and 2.77 ± 0.38 times due to an increase in 
moisture content from 12.9 to 19.5% and from 19.5 to 31.2%, respectively. Additionally, at the 
same moisture content level, the sample tested at 0.1 Hz showed lower G′′ value than those 
tested at 28.4 and 51 Hz. These results showed similar trends for the G′ and G′′ values, which 
decreased with an increase in moisture content and a decrease in measurement frequency. The G′ 
value is always larger than G′′ value, indicating a solid-like behavior. The extrudates with high 
moisture content tend to become soft at high temperatures. The change affected by the decrease 
in frequency is similar to that with the increase in temperature. 
 
2.5.2 Frequency Sweep Tests 
The G′ values as a function of oscillation frequency are represented in Figure 2.5 for the 
extruded cornstarch with moisture contents of 12.9, 19.5 and 31.2% tested at 30, 60 and 85°C, 
respectively. The G′ values of all samples increased with the increase in frequency. Similar 
frequency dependencies for the moduli were observed for various types of starch-based samples 
(Kong, Kasapis, Bao, & Corke, 2009; Mariotti, Lucisano, Ambrogina Pagani, & Ng, 2009; Singh 
& Singh, 2003). The time of deformation is related to frequency, which is the inverse of time 
(1/s). Thus, high frequency is equivalent to short time and vice versa. 
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The extruded sample showed an increased solid-like behavior with an increase in 
frequency. With increased frequency, more deformation energy can be stored, causing an 
increase in G′ values. On the other hand, with decreasing frequency, more deformation energy is 
lost by friction between the molecules due to increased relative motion between their chains; 
hence, the material appears more flexible and mobile (Gottenberg & Christensen, 1964; Menard, 
2008; Mezger, 2006). As expected, the G′ value for the sample with moisture contents of 12.9, 
19.5 and 31.2% increased by 1.40 ± 0.28, 1.79 ± 0.04 and 2.01 ± 0.31 times due to an increase in 
oscillation frequency from 0.1 Hz to the range of 40.1-51 Hz. This finding agreed with the 
reports of Li, Li, Wang, Ozkan, and Mao (2010) and Biliaderis, Lazaridou, and Arvanitoyannis 
(1999). 
A significant difference in the G′ values of the samples with different moisture contents 
was observed (p < 0.05). The sample tested at 12.9% showed G′ value higher than those of 19.5 
and 31.2%. The G′ value decreased by 2.82 ± 0.95 and 6.12 ± 1.82 times due to an increase in 
moisture contents, from 12.9% to 19.5% and from 19.5% to 31.2%, respectively. Moreover, at 
the same moisture content level, the sample tested at 30°C showed G′ values higher than those of 
60 and 85°C (p < 0.05). These results agreed with the results from Gottenberg and Christensen 
(1964), in which the shear modulus increased with increasing frequency as well as with 
decreasing temperature. Therefore, the sample presents glass-like properties when the frequency 
is high and the moisture content and the temperature are low. In comparison, the samples appear 
like rubber when the frequency is low and the moisture content and the temperature are high. 
Figure 2.6 demonstrates the G′′ values as a function of oscillation frequency for the 
extruded starch with moisture contents of 12.9, 19.5 and 31.2% tested at 30, 60 and 85°C. The 
G′′ value initially increased with an increase in frequency but decreased when the frequency was 
raised above 32.8 Hz. The G′′ value then stopped decreasing when the frequency reached 40.1 
Hz. In addition, a resonance frequency of the cornstarch extrudates was detected at 32.8 Hz 
based on this observation and the work of Li, Li, Wang, Ozkan, and Mao (2010).  
The sample with moisture content of 12.9% showed G′′ value higher than those with 19.5 
and 31.2%. The samples tested at 30°C showed G′′ value higher than those of 60 and 85°C. 
These observations showed similar results for the G′ and G′′ values that decreased while 
increasing moisture content and temperature. 
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Performing temperature sweeps at fixed frequencies in a first series of experiments 
(Figure 2.1 and Figure 2.2) and running frequency sweeps at fixed temperatures in a second 
series (Figure 2.5 and Figure 2.6) is in principle equivalent to duplicating the same experiment. 
However, the moduli (G′ and G′′) from the temperature sweep tests are much different in 
comparison to those of the frequency sweep tests. Using temperature sweep test, the G′ values of 
the sample with 12.9% moisture content decreased only 2.5 times when the temperature 
increased from 30 to 90°C. Nevertheless, the G′ value of the sample with moisture content of 
12.9% decreased by 12.7 times due to an increase in temperature from 30 to 85°C by running 
frequency sweeps. This result agreed with Christensen (2003). Therefore, it is believed that the 
observations from frequency sweep test appear to be more reliable. 
 
2.5.3 Least Squares Fitting 
The G′ and G′′ values of the extrudate starch can be presented as a function of moisture 
content (M: 12.9-31.2%, d.b.), temperature (T: 30–90°C) and frequency ( : 0.1–51 Hz), which 
are obtained by least squares polynomial fitting procedures.  
 2 2 2 21 2 3 4 5 6 7 8 9G and G (a T a T a ) (a T a T a ) a T a T a′ ′′ = + + ω + + + ω+ + +   (2.3) 
where the coefficients ai (i = 1–9) are quadratic equations as a function of moisture content, 
which are presented in Table 2.3. The ai can be found by fitting equation (2.3) to the 
experimental data. As can be seen from Figure 2.1, Figure 2.2, Figure 2.5 and Figure 2.6, the 
polynomial model fitted very well for all G′ and G′′ values. Coefficients of determination (R2) 
were used to evaluate goodness of fit.  
 
2.5.4 Creep Tests 
Figure 2.7 shows the creep compliance J(t) curves of the extruded starch with moisture 
contents of 12.9, 19.5 and 31.2% conducted over a period of isothermal constant stress condition 
at 30, 60 and 85°C. At the beginning of creep, the instantaneous compliance appeared 
immediately after the load was applied due to the spring in the Maxwell portion of the model. 
Subsequently, the total creep compliance increased in a time-dependent manner due to the effect 
of the retardation time (Dodan & Kokini, 2007). Creep compliance depended strongly on the 
moisture content and temperature. As the moisture content and temperature increased, the 
ω
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variation in the creep compliance also increased. Similar results were observed by Cyras, 
Martucci, Iannace, and Vazquez (2002) and Sen, Bhattacharya, Stelson, and Voller (2002). Thus, 
the extruded cornstarch increased its solid-like behavior when the temperature and moisture 
content were decreased. 
The comparison between Burger’s model and the experimental results is shown in Figure 
2.7. The Burger’s model provides a good representation of the creep behavior of viscoelastic 
materials (R2 >0.92). The creep parameters for the Burger’s model equation (2.1) of the extruded 
starches are listed in Table 2.4. The effects of moisture content and temperature of the extruded 
starch are reflected in the parameters. The elastic moduli  and  and viscosities  and 
 decreased with increasing moisture content within the whole temperature range, indicating 
that moisture content increased the deformation of samples. Additionally, at the same moisture 
content, the elastic moduli  and  and viscosities  and  decreased with an increase 
in temperature, except for the case of sample with moisture content of 31.2%. At high moisture 
content (31.2%), it is noteworthy that there are no significant differences between the retardation 
times  for the samples at different temperatures. 
Initial creep compliance ( ) increased with the addition of water and at higher 
temperature, which caused the sample to appear more flexible. The instantaneous elastic 
modulus  was smaller than . The values of the initial creep compliance are very large 
compared with that of the retarded elastic and viscous flow compliance. Therefore, the creep 
process of the extruded starch consisted mainly of the elastic component of the Hookean spring. 
 
2.6 CONCLUSIONS 
The viscoelastic properties of starch extrudate influence its machinability and quality. 
They are needed for obtaining starch-based products with desired textural properties. During the 
heating process, the G′ values of the sample decreased, which means that the material became 
softer and more flexible like rubber. The G′ and G′′ values of the extruded cornstarch decreased 
with an increase of the moisture content. It showed that the dynamic mechanical properties of the 
extruded starch depend on moisture content, which resulted in an increase of the flexibility or 
extensibility of the viscoelastic materials. Further increase in oscillation frequency from 0.1 to 51 
Hz caused the samples to appear more inflexible and rigid. All of the information above 
1(E 2E ) 1(η
2 )η
1(E 2E ) 1(η 2 )η
 τ2
 J0 = 1 E1
E1  E2
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indicated that the extruded cornstarch presented glass-like properties when the temperature and 
moisture content are low and the frequency is high. The extruded cornstarch became soft and 
flexible when the temperature and the moisture content are high and the frequency is low. The 
rheological parameters based on the creep behaviors were related to the moisture content and 
temperature of the extruded starch. Burger’s model provided a good fit to the creep data (R2 = 
0.92–0.99, RMSE < 1.9×10-4). The creep process of the extruded starch consisted mainly of the 
elastic component of the Hookean spring. The creep compliance increased with an increase in 
moisture content and temperature, which indicated the increase in liquid-like behavior of the 
extrudate. These viscoelastic properties at various moisture contents, temperatures and 
frequencies can be used as reference for the properties obtained from the modeling parameters 
for future studies. This will help to compare the model properties with experimental properties 
and validate the model. Furthermore, the validated model can be used to improve the texture of 
starch products and to optimize the extrusion process. 
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Figure 2.1  Storage modulus (G′) of the extruded starch with 12.9, 19.5 and 31.2% moisture 
content (dry basis [d.b.]) as a function of temperature deformed at (a) 0.1 Hz,  
(b) 28.4 Hz and (c) 51 Hz.  
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Figure 2.2  Loss modulus (G″) of the extruded starch with 12.9, 19.5 and 31.2% moisture 
content (dry basis [d.b.]) as a function of temperature deformed at (a) 0.1 Hz,  
(b) 28.4 Hz and (c) 51 Hz.  
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Figure 2.3  Dynamic mechanical behavior of the extruded starch with 12.9% moisture content 
(dry basis [d.b.]) tested at 0.1 Hz. 
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Figure 2.4  Dynamic mechanical thermal analysis curves for the extruded starch with 19.5% 
moisture content: (a) temperature dependence of G′′/G′ deformed at 0.1, 28.4 and 
51 Hz and (b) the onset temperature for glass transition of the extruded starch at 
0.1 Hz. 
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Figure 2.5  Storage modulus (G′) as a function of oscillation frequency at the temperature  
(a) 30°C, (b) 60°C and (c) 85°C for the extruded starch with moisture contents of 
12.9, 19.5 and 31.2% (dry basis [d.b.]).  
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Figure 2.6  Loss modulus (G″) as a function of oscillation frequency at the temperature  
(a) 30°C, (b) 60°C and (c) 85°C for the extruded starch with moisture contents of 
12.9, 19.5 and 31.2% (dry basis [d.b.]).  
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Figure 2.7  Creep compliance of the extruded starch with various temperature (a) 30°C,  
(b) 60°C and (c) 85°C with moisture contents of 12.9, 19.5 and 31.2% (dry basis 
[d.b.]).  
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Table 2.1  Equilibrium moisture content of the extruded starch samples after conditioning at 
different equilibrium relative humidity at 20°C. 
 
Salt solution Relative humidity (%RH) Equilibrium moisture content (%EMC) 
MgCl2 33.07 ± 0.18 12.9 ± 0.4 
NaCl 75.47 ± 0.14 19.5 ± 0.4 
K2SO4 97.59 ± 0.53 31.2 ± 0.5 
 
 
Table 2.2  The percent decrease in storage modulus of the extruded starch due to an increase in 
temperature from 30 to 90°C at different moisture contents and frequencies. 
 
Moisture content  Frequency 
0.1 Hz 28.4 Hz 51 Hz 
12.9%(d.b.) 66.8 54.3 58.1 
19.5%(d.b.) 76.5 69.4 66.6 
31.2%(d.b.) 50.4 50.2 57.3 
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Table 2.3  Parameters (x, y and z) of quadratic equations  (in equation 2.3), 
where i = 1–9 and M = moisture content (% d.b.). 
 
Quadratic 
equation 
(a) G': Temperature Sweep Tests (b) G": Temperature Sweep Tests 
x y z x y z 
a1 -7.235x10-7 3.387x10-5 -3.611x10-4 2.612x10-7 -1.064x10-5 7.588x10-5 
a2 6.256x10-5 -2.606x10-3 1.976x10-2 -6.473x10-5 3.000x10-3 -2.995x10-2 
a3 -2.170x10-3 7.828x10-2 -1.928x10-1 2.828x10-3 -1.382x10-1 1.534 
a4 5.758x10-5 -2.605x10-3 2.677x10-2 -2.313x10-6 -9.083x10-5 5.052x10-3 
a5 -6.034x10-3 2.560x10-1 -2.252 1.129x10-3 -3.432x10-2 -5.453x10-2 
a6 2.886x10-1 -12.85 1.205x102 -5.037x10-2 2.022 -11.70 
a7 -2.807x10-3 1.296x10-1 -1.365 -2.458x10-4 1.651x10-2 -2.765x10-1 
a8 3.426x10-1 -13.50 91.84 2.270x10-2 -1.594 27.41 
a9 -3.665 -88.16 6.508x103 9.867x10-1 -46.55 5.412x102 
Quadratic 
equation 
(c) G': Frequency Sweep Tests (d) G": Frequency Sweep Tests 
x y z x y z 
a1 1.713x10-6 -6.504x10-5 3.358x10-4 1.615x10-7 -6.324x10-6 3.106x10-5 
a2 -2.262x10-4 8.185x10-3 -3.138x10-2 -2.924x10-5 1.286x10-3 -1.020x10-2 
a3 6.987x10-3 -2.187x10-1 -1.701x10-1 1.561x10-3 -7.208x10-2 6.709x10-1 
a4 -1.916x10-4 7.906x10-3 -5.853x10-2 6.543x10-6 -4.449x10-4 8.219x10-3 
a5 2.591x10-2 -1.046 7.135 -1.844x10-4 2.285x10-2 -6.498x10-1 
a6 -8.224x10-1 31.00 -1.513x102 -4.323x10-2 1.615 -3.017 
a7 5.826x10-3 -3.727x10-1 5.954 1.725x10-4 -2.359x10-2 5.773x10-1 
a8 -1.417 83.42 -1.224x103 -4.606x10-2 4.534 -98.12 
a9 79.27 -4.473x103 6.261x104 2.701 -2.236x102 4.419x103 
 
  
 a i = xM
2 + yM + z
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Table 2.4  Creep parameters of the extruded starch at different moisture contents and 
temperatures. 
 
Temperature Moisture Content E1 E2 τ2 η1  η2  R2 
(°C) (% d.b.) (mPa) (mPa) (s)  (Pa s)  (Pa s)  
30 12.9 3.82a 16080a 41.8a 4107.68a 672.78a 0.98 
 19.5 3.66a 5355b 41.1a 976.73b 220.10b 0.99 
 31.2 3.37b 77e 24.7d 202.71d 0.75e 0.92 
60  12.9 3.42b 5285b 40.4a 1181.05b 213.65b 0.98 
 19.5 3.31b 870c 31.5c 371.29cd 27.40c 0.94 
 31.2 3.04cd 545d 35.8bc 213.60d 19.53c 0.99 
85  12.9 3.15c 1066c 30.1c 957.47b 32.04c 0.97 
 19.5 2.97d 336d 19.9d 213.14d 6.69d 0.98 
 31.2 2.94d 138e 23.0d 136.86d 3.17de 0.96 
Values followed by the same letter in the same column are not significantly different (P > 0.05) 
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CHAPTER 3  
MULTISCALE CONTINUUM THERMODYNAMICS BASED MODELING OF 
TRANSPORT MECHANISMS AND STARCH EXPANSION DURING EXTRUSION 
 
 
3.1 ABSTRACT 
The hybrid mixture theory based model was developed for predicting the effect of 
extrusion conditions on cornstarch expansion. Water, vapor and heat transport mechanisms and 
thermomechanical changes occurring inside the expanding extrudate were described using the 
two–scale unsaturated transport equations coupled with the poroviscoelasticity equations. The 
poroviscoelastic extrudate matrix interacted with the fluids (liquid water, vapor and air mixture) 
contained in its pores. Transport equations were transformed from the moving Eulerian 
coordinates to the stationary Lagrangian coordinates. Good agreements between the predicted 
and the experimental values of surface temperature, average moisture content and expansion 
ratio of the extrudates at different extrusion conditions were obtained. Simulations showed the 
transition from rubbery to glassy state at different spatial locations across the cross–section of the 
extrudate. The model was also used to predict the temperature, moisture content, and pressure 
distribution within the extrudate. The extrudate moisture content and temperature deceased after 
exiting from the die due to water evaporation and heat loss to the surrounding air. Moisture loss 
caused an increase in the glass transition temperature. Therefore, a glassy crust was developed 
from the surface to the interior. Expansion/contraction behavior of the extrudate was described 
using the difference between the stress due to pore pressure and viscoelastic stress. The model 
obtained in this study can be used to design, optimize and/or control the process conditions, and 
improve the specific characteristics of expanded biopolymers. 
 
3.2 NOMENCLATURE 
wa    [decimal] water activity  
glc    [dimensionless] constant in equation (3.40) 
pC
α
   [J kg
-1 K-1] specific heat of the α − phase  
db    dry basis  
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D   [m] diameter of the material  
Dα   [m2 s-1] coefficient of diffusivity of the α − phase  
E   [Pa] Young’s modulus or coefficient of elasticity  
eˆβ α      [kg m
-3 s-1] net rate of mass gained by the β−phase from α − phase 
bF   [N m
-3] body force  
0G   [Pa]  instantaneous shear modulus 
mG   [Pa]  relaxation modulus of the m
th component in relaxation function 
G(t)  [Pa]  relaxation function  
G∞  [Pa]  elastic part of relaxation function 
mh   [m s
-1] mass transfer coefficient  
Th  [W m
-2 K-1] heat transfer coefficient  
I    identity matrix 
j   [dimensionless] Jacobian  
kα   [W m-1 K-1] thermal conductivity of the α − phase  
gK   [m2] permeability of the gas phase  
Le   [dimensionless] Lewis number  
Mα   [kg mol-1] molecular weight of the α − phase  
Nu   [dimensionless] Nusselt number  
wN   [Pa s] mixture viscosity of the material 
atmp   [Pa] atmospheric pressure  
cp   [Pa] capillary pressure  
pp   [Pa] pore pressure  
Pr   [dimensionless] Prandtl number  
satp   [Pa] saturated vapor pressure  
v
eqp   [Pa] pressure of vapor phase at equilibrium 
pα   [Pa] partial pressure of the α − phase 
TQ   [W m
-2] heat flux 
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vQ   [kg m
-2 s-1] vapor flux  
wQ   [kg m
-2 s-1] water flux  
REV [m3] representative elementary volume 
uR   [J mol
-1 K-1] universal gas constant  
2R   [dimensionless] coefficient of determination  
Re  [dimensionless] Reynolds number  
HR   [decimal] relative humidity  
Rα   [J kg-1 K-1] specific gas constant for the α − phase 
Sc [dimensionless] Schmidt number  
Sh [dimensionless] Sherwood number  
sα   [dimensionless] degree of the saturation by the α − phase 
t   [s] time 
T   [K] temperature 
atmT   [K] atmospheric temperature  
glT   [K] glass transition temperature 
glT
α   [K] glass transition temperature of the phase 
u   [m] displacement field 
bwX   [
1
water solidkg kg
− ]  mass fraction of bound water (dry basis) 
wX   [
1
water solidkg kg
− ]  mass fraction of water (dry basis) 
 
Greek symbols 
αε   [dimensionless] volume fraction of the α − phase 
αρ   [kg m-3] density of the α − phase 
αµ   [Pa s] viscosity of the α −phase 
ν   [dimensionless] Poisson’s ratio  
να    [m s
-1] velocity of the α − phase 
φ   [dimensionless] porosity of the material  
  
α −
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λ   [J kg-1] latent heat of vaporization 
ζ  [dimensionless] displacement coefficient  
ξ   [s m-2] evaporation rate constant 
σ   [Pa] stress tensor 
mτ  [s] relaxation time of the m
th component in relaxation function 
ε   [dimensionless] strain tensor  
 
Special symbols 
sdv   [m3] Eulerian volume of the solid phase 
dv   [m3] Eulerian volume of the material 
dV   [m3] Lagrangian volume of the material  
reˆ , eˆθ , zeˆ  unit vectors in Eulerian coordinate 
Reˆ , eˆΘ , Zeˆ  unit vectors in Lagrangian coordinate 
LHS  left hand side 
RHS  right hand side 
,sνα    [m s-1] velocity of the α − phase relative to the solid phase  
E∇    [m
-1] spatial gradient in Eulerian coordinate  
L∇   [m
-1] spatial gradient in Lagrangian coordinate  
dot (.) [s-1] material time derivative following the solid phase motion ( )  
 
Subscripts 
0   reference state 
amb   ambient 
bw   bound water or non-freezing water 
E   Eulerian coordinate 
eq   equilibrium 
gl  glass transition 
i   initial state 
L    Lagrangian coordinate 
Ds Dt
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m Maxwell unit 
viscoelas viscoelastic  
 
Superscripts 
g  gas phase 
s  solid phase 
v   vapor phase 
w   water phase 
α  general representation of a phase 
β   general representation of a phase 
 
3.3 INTRODUCTION 
Expansion is an important phenomenon that affects the structural, mechanical and 
textural characteristics of the extruded products. After the extrudate exits the die, the structure 
expands in a few seconds because of the pressure difference between the interior and the exterior 
of the extruded matrix. A porous structure is formed when the phase changes occur in the starch 
melt as the plasticizer (water or blowing agent) evaporates to vapor phase along with the 
pressure and temperature drop due to the evaporation. Expansion is a complex phenomenon 
including phase transition, glass transition, nucleation, bubble growth and collapse (Patil, 
Berrios, Tang, & Swanson, 2007). An understanding of the starch expansion phenomenon is 
necessary in order to control and/or improve the functionality of starchy products. 
Several studies have reported that the expansion of starchy products are dependent on the 
material and process parameters such as starch source and composition, feed moisture content, 
die and nozzle dimensions, barrel temperature, feeder speed, screw speed, and residence time 
distribution (Ali, Hanna, & Chinnaswamy, 1996; Chinnaswamy & Hanna, 1987; Robin, Dubois, 
Pineau, Schuchmann, & Palzer, 2011; Thymi, Krokida, Pappa, & Maroulis, 2005; Valle, 
Vergnes, Colonna, & Patria, 1997). However, the relation of experimental parameters to starch 
expansion has not been adequately described due to the complexity of extrusion process 
involving the application of fluid and heat transport in the extruded product. It is important to 
model and investigate the expansion mechanisms to be able to predictably control the properties 
of extruded product. Several researchers presented the expansion models, which were useful to 
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predict the effect of material and process parameters on the expansion (Fan, Mitchell, & 
Blanshard, 1994; Patil, Berrios, Tang, & Swanson, 2007; Shafi, Lee, & Flumerfelt, 1996; Wang, 
Ganjyal, Jones, Weller, & Hanna, 2005). Although these studies provide an excellent insight into 
the expansion mechanism, most of them focused only on a given mechanism and used single-
scale approaches. Park (1976) and Kokini, Chang, and Lai (1992) described the expansion 
phenomena of extrudate by accounting bubble growth as the main cause. The effect of extrudate 
swell was neglected. Shafi, Lee, and Flumerfelt (1996) described the free expansion polymer 
foaming by accounting nucleation and bubble growth as the main causes. Fan, Mitchell, and 
Blanshard (1994) presented the theoretical model for the growth and shrinkage of a single bubble 
in the power law fluid at different temperature and moisture content values. The main factor 
resisting cell growth and shrinkage was melt viscosity and the surface tension effect was 
negligible. Additionally, they concluded that the vapor pressure was the main factor affecting 
expansion process and the melt elasticity was neglected. Clausius-Clapeyron equation was used 
to calculate the vapor pressure in the individual. Wang, Ganjyal, Jones, Weller, and Hanna 
(2005) developed a model for describing the non–isothermal expansion in starch based foams 
during extrusion. The nucleation of bubbles, the bubble growth, and the diffusion of water vapor 
from the starch matrix in to the bubbles occurred at a microscopic level and extrudate expansion 
at a macroscopic level. Lee (2000) compiled various expansion models used in extrusion of 
polymeric foams, which are based upon single-scale approaches. The expansion process involves 
multiscale characteristics, which cannot be addressed adequately using single-scale equations 
with various assumptions as attempted in the literature (Lee, 2000). 
As the material coefficients used in equations need to be determined at the same scale of 
the equations, it is very difficult to measure them in the experiments at microscale. Therefore, the 
multiscale hybrid mixture theory (HMT) for unsaturated porous media can be used to average the 
microscale equations twice to obtain equations at the meso and macroscales using the 
mathematical filtering theorems (Cushman, 1997). For example, the solid phase is modeled as 
elastic and the fluid phases are modeled as the viscous at microscale. The resulting model 
exhibits the viscoelastic behavior due to phase interactions between the elastic solid and the 
viscous fluids at macroscale. (Singh, Cushman, Bennethum, & Maier, 2003). The generalized 
Darcy’s law, stress and pressure equations are included in the mass and energy conservation 
equations to obtain the generalized transport laws for various phases. Also, the hydrophilic and 
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phobic interaction terms are included in the unsaturated transport and stress relations 
(Bennethum & Cushman, 1999; Singh, Cushman, Bennethum, & Maier, 2003; Takhar, 2014).  
In this study, the extrudate is considered as a poroviscoelastic medium composed of three 
phases: solid, liquid water and gas (mixture of water vapors and dry air). At microscale, the solid 
and fluid phases of the material are considered as viscoelastic and viscous, respectively. At 
macroscale, the interaction between the viscoelastic solid and the viscous fluids in pores results 
in a poroviscoelastic matrix (Takhar, 2014). Mass, momentum and heat transfer in cornstarch 
expansion represent a complicated phenomena since it needs to consider both the multiphase 
unsaturated transport processes occurring during expansion and the property changes of the 
extrudates. The developed model can be used to identify the effect of process parameters on the 
properties of extruded starch. It will be useful to reduce design time and raw material wastage 
involved in running the trial and error experiments in the production of starch based products. 
This modeling approach integrated with the relevant experimental work, developed in this study, 
will be useful to improve the design and to optimization of the extrusion process of starches and 
other biopolymers. 
In order to describe the expansion phenomenon adequately, this study used the two–scale 
HMT based equations of Takhar (2014) coupled with the poroviscoelasticity equations for 
predicting the transport processes and mechanical changes in the extrudates during expansion. 
The modeling results for the surface temperature, moisture content and expansion ratio, were 
compared with the experimental results in order to assess the validity of the extruded expansion 
model. In addition, the temperature, moisture and pressure profiles, mechanical properties and 
glass transition behavior were calculated. 
 
3.4 MATHEMATICAL MODEL 
3.4.1 System Description 
In the case of expanding extrudate, the microscale is defined as the scale of the individual 
solid polymer and the adsorbed water (vicinal fluid) (Figure 3.1). The extrudate particle is 
composed of solid polymers and vicinal water at mesoscale. At this scale, bulk water and gas is 
also present. The solid particles, bulk waters and gas formed a homogeneous mixture inside a 
representative elementary volume (REV) at macroscale (Singh, Cushman, Bennethum, & Maier, 
2003).  
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After the cornstarch melt exits the die, the solid matrix expands to form a porous 
structure because the expanding vapors and moving liquids interact with the solid wall. These 
interactions are partially driven by the physical pressure difference between the inside and the 
exterior of the matrix.  
In analyzing the mass and energy transfer changes in the deforming extruded starch 
during expansion, the following assumptions were made – the extrudate was considered as a 
poroviscoelastic material, which consisted of viscoelastic solid matrix and viscous water and gas 
in pores; the extrudate was assumed to be a homogeneous, linear viscoelastic and isotropic 
porous material inside the macroscale REV; both solid and liquid water phases were assumed to 
be the incompressible at microscale (macroscale matrix expansion was still allowed) while the 
gas phase (the mixture of water vapor and dry air) was assumed to be a compressible fluid; the 
effect of gravity was neglected; the extrudate was cylindrically symmetric when it exited the die 
and remained so for the entire expansion process; the various phases were at local thermal 
equilibrium inside the macroscale REV; and the extrudate expansion was due to the generation 
of internal pressure in the pores. 
 
3.4.2 Generalized Multiphase Transport Equations 
The generalized Darcy’s law can be coupled with the mass balance equations to derive 
the generalized transport equations for various phases (Bennethum & Cushman, 1999; Singh, 
Cushman, & Maier, 2003; Singh, Cushman, Bennethum, & Maier, 2003). The two–scale mass 
balance equation for the α − phase is (Takhar, 2014) 
 
Ds(εαρα )
Dt
+∇E ⋅(ε
αρανE
α ,s )− εαρα
!εs
εs
= β eˆα
β=w,g
β≠α
∑ , where w, gα = Equation Chapter 3 Section 1 (3.1) 
where sD / Dt  and dot over a variable  (!ε
s )  represent material time derivative with respect to the 
solid phase, αε  and sε  are the volume fractions of the α  and solid phases, respectively, αρ  is 
the density of the α − phase, E∇   is the spatial gradient in Eulerian coordinates, 
,s s
E E Eν ν ν
α α= −  is 
the Eulerian velocity of the α − phase relative to the solid phase, and eˆβ α  is the net rate of mass 
gained by transferring a quantity from the β−phase to the α − phase. At mesoscale, the mass 
exchange occurs only between the water and gas (in term of vapors) phases due to evaporation or 
condensation. Therefore, w geˆ  is non-zero for w,gα = .  
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For the water phase transport, it is assumed that the water phase is incompressible at the 
microscale, which makes  !ρ
w = 0  in equation (3.1), and it simplifies to 
 
!εwρw +∇E ⋅(ε
wρwνE
w,s )− εwρw
!εs
εs
= − w eˆg  (3.2) 
 For problems involving the phase change, the mass gained by liquid phase (condensation 
term, g weˆ ) is equal to the mass lost by the gas phase (evaporation term, w geˆ ). 
The gas phase is compressible at the microscale  ( !ρ
g ≠ 0) . Thus, the gas phase mass 
balance is 
 
εg !ρg + !εgρg +∇E ⋅(ε
gρgνE
g,s )− εgρg
!εs
εs
= w eˆg   (3.3) 
Similarly, as the gas is a mixture of air and vapors, the mass balance equation for the 
vapor phase is  
 
εv !ρv + !εvρv +∇E ⋅(ε
vρvνE
v,s )− εvρv
!εs
εs
= w eˆv   (3.4) 
where, w v w gˆ ˆe e= . 
The solid phase is assumed to be incompressible  ( !ρ
s = 0)  at microscale. The mass 
balance equation for solid phase is (Singh, Cushman, & Maier, 2003) 
 !ε
s + εs∇E ⋅ νE
s = 0  (3.5) 
 The volume fraction constraint for the material can be written as  
 s w g 1ε + ε + ε =  (3.6) 
 The sum of volume fraction of water and gas equals to the porosity ( )φ , w gε + ε = φ . 
Therefore, the sε  and  !ε
s  terms in equations (3.1)–(3.5) can be replaced by porosity by using the 
relations s 1ε = −φ and  !ε
s = − !φ . In addition, the volume fraction of the gas is equals to the 
volume fraction of the vapor and air g v a( )ε = ε = ε . Therefore, the gε  can replace vε  in equation 
(3.4).  
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3.4.3 Generalized Darcy’s Law Relations  
The generalized Darcy’s law relation for the water phase for the isotropic biopolymers 
with a short-memory can be written as (Takhar, 2014) 
 
νE
w,s = − εw K
w
µw
∇Ep
w + εwDw∇Eε
w + εw K
w
µw
Nw∇E !ε
w⎛
⎝⎜
⎞
⎠⎟  
 (3.7) 
During unsaturated transport in biopolymers, the velocity of fluid flow is directly 
proportional to the pressure and concentration gradients, which is represented by the first and 
second terms on RHS. The last term on RHS represents the mixture viscosity effect of polymers. 
The permeability of water w(K ) is related to the diffusivity of water w(D )  using the relation 
w w wK D E= µ  (Takhar, 2014). 
 The velocity of gas phase was represented using 
g
g,s g g
E Eg
K pν = −ε ∇
µ
 (3.8) 
 The velocity of vapor phase was represented using 
v,s g,s v,g
E E Eν ν ν= +  (3.9) 
with 
v
v,g v
E Ev
Dν = − ∇ ω
ω
 (3.10) 
where v,gEν  represents the binary diffusion for the mixture of vapor and air (Bird, Stewart, & 
Lightfoot, 2002) and v v a v( )ω = ρ ρ +ρ . 
 
3.4.4 Energy Balance 
 The energy transfer within the porous material was assumed to be driven by the 
convection due to moving phases, heat conduction and phase change (Bennethum & Cushman, 
1999; Vafai & Tien, 1989). It was represented using (De Vries, 1958) 
( ) w gp E E
s,w,g s,w,g
D T ˆC k T e
Dt
α
α α α α α
α= α=
⎛ ⎞
ε ρ =∇ ⋅ ε ∇ −λ⎜ ⎟
⎝ ⎠
∑ ∑   (3.11) 
 The following equation can be used to modify the material time derivative with respect to 
the α − phase to with respect to the solid phase. 
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 E
s
,s
E
D T D T T
Dt Dt
ν
α
α= + ⋅∇   (3.12) 
where the material time derivative of temperature following the velocity of a particle in solid 
phase is related to the spatial time derivative by 
 
s
s
E E
D T T T
Dt t
ν∂= + ⋅∇
∂
  (3.13) 
 Therefore, the energy balance equation (3.11) can be written as 
( ) w gp E E E E
s,w,g s,w,g
T ˆC T k T e
t
να α α α α α
α= α=
⎛ ⎞∂⎛ ⎞ε ρ + ⋅∇ =∇ ⋅ ε ∇ −λ⎜ ⎟⎜ ⎟∂⎝ ⎠ ⎝ ⎠
∑ ∑   (3.14) 
where the Eulerian velocity of the α − phase is calculated by using the relation: ,s sE E Eν ν ν
α α= + .  
The first term on LHS of equation (3.14) is the energy storage term and the second term 
on LHS represents energy convection due to movement of various phases across the REV 
boundary. On RHS, the first term represents energy conduction and the second term represents 
source/sink of energy due to evaporation/condensation.
  
3.4.5 Poroviscoelastic Equations 
 Deformation of the extrudate was calculated from the displacement field. The linear 
momentum balance for an isotropic mixture of solid and fluids can be written as (Li, Borja, & 
Regueiro, 2004) 
 
2
L b2
s,w,g t
u σ Fα
α=
∂ρ −∇ ⋅ =
∂∑  (3.15) 
where σ  is the stress tensor, bF  is the body force and (r, , z)u u= θ  is the displacement field in 
cylindrical coordinates of a material point attached to the solid matrix. The displacement field is 
considered as the dependent variable in the equation (3.15). The displacement field was 
calculated as a function of internal stress in the porous matrix. For the cylindrical arrangement, 
the displacement in the θ−direction was neglected because the material points were assumed not 
to rotate in the expanding extrudate. 
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The mechanical stress in the material was described as a linear viscoelastic stress. The 
total stress tensor is comprised of stress due to pore pressure p( )σ  and viscoelastic stress 
viscoelas( )σ . 
p viscoelasσ σ σ= +   (3.16) 
where p
w,g
s pσ Iα α
α=
= − ∑  and  
t
viscoelas
0
( )(t) G(t ) dεσ ∂ τ= − τ τ
∂τ∫   
(3.17) 
where m
n
t /
m
m 1
G(t) G G e− τ∞
=
= +∑  
After the extrudate exits the die, the pore pressure p( )σ , which is the average pressure 
exerted by the fluids contained within the pores on the solid walls, is suddenly developed in the 
matrix and can be used to calculate the stress due to pore pressure  (Netti, Travascio, & Jain, 
2003). In addition, pore pressure can be used as the variable governing expansion and shrinkage 
in the extrudate matrix. It is represented using w w g gp s p s pσ = +  (Ehlers & Bluhm, 2002).  
Generalized Maxwell model was used to model the viscoelastic response of the materials. 
It consists of an elastic element in parallel with the Maxwell elements (Riande, Diaz-Calleja, 
Prolongo, Masegosa, & Salom, 2000). For viscoelastic stress, G(t) is the stress relaxation 
function, τ  is the relaxation time, G∞  is the modulus of the equilibrium spring element, n is the 
number of Maxwell units, mG  is the relaxation modulus of the m
th spring element, and mτ  is the 
relaxation time of the mth dashpot. 
The components of the nonlinear strain tensor can be expressed in terms of the 
displacement field ( )u  as (Chung, 1996) 
 ( )ij i j j i i m j m12ε u u u u= ∇ +∇ +∇ ∇   (3.18) 
 
3.4.6 Transforming Eulerian to Lagrangian Coordinates 
After extrudate leaves the die, expansion occurs due to the pressure difference between 
the inside and the exterior of the extruded matrix. Therefore, expansion of starch involves 
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solving the moving boundary problem. The system of equations were transformed from moving 
Eulerian to stationary Lagrangian coordinates. 
It was assumed that the solid phase of the material is incompressible at microscale. The 
differential volume (dv)  in deformed material is related to the initial undeformed differential 
volume (dV)  by (Eringen, 1980) 
dv jdV=   (3.19) 
where j  is the determinant of the Jacobian matrix. For an unsaturated system, j  can be written 
as (Takhar, 2014)
 
 
s
o i
s
1j
1
ε −φ= =
ε −φ
 (3.20) 
The extrudate was assumed to be of cylindrical shape so the equation (3.19) becomes 
r dr d dz jR dRd dZθ = Θ  (3.21) 
When a cylinder in Lagrangian coordinates is transformed to a cylinder in Eulerian 
coordinates or vice-versa, the shape of extrudate was assumed to remain geometrically similar 
(r R= ζ and z Z)= ζ . Additionally, the angular coordinates of the material points were assumed 
not to rotate (axisymmetric cylinder, d d )θ = Θ . Therefore, using dr / dR dz/ dZ r/ R= = = ζ  the 
equation (3.21) becomes 
3j= ζ   (3.22) 
In cylindrical coordinates, the Eulerian gradient operator can be written as 
E r zˆ ˆe er z
∂ ∂∇ ≡ +
∂ ∂
 (3.23) 
Using the chain rule, the relation between gradient operator in Eulerian and Lagrangian 
coordinates can be expressed as 
E R Z R Z L
R Z R 1ˆ ˆ ˆ ˆe e e e
r R z Z r R Z
∂ ∂ ∂ ∂ ∂ ∂ ∂⎛ ⎞∇ = + = + = ∇⎜ ⎟∂ ∂ ∂ ∂ ∂ ∂ ∂ ζ⎝ ⎠
 (3.24) 
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where dR 1
dr
=
ζ
 and L R Zˆ ˆe eR Z
∂ ∂∇ ≡ +
∂ ∂
. The displacement coefficient ζ  is a function of volume 
fraction of solid (or porosity) at a given spatial coordinate. By substituting 1/3jζ =  in equation 
(3.24), we obtain 
1/3
1/3
E L L
i
1j
1
− ⎛ ⎞−φ∇ = ∇ = ∇⎜ ⎟−φ⎝ ⎠  
 (3.25) 
Using equation (3.25), the mass balance equations (3.2) – (3.5), momentum balance 
equations (3.7) – (3.10) and heat balance equation (3.14) can be written in Lagrangian 
coordinates as  
Water phase: 
 
!εwρw + 1− φ
1− φi
⎛
⎝⎜
⎞
⎠⎟
1/3
∇L ⋅(ε
wρwνL
w,s )+ εwρw
!φ
1− φ
= − w eˆv  (3.26) 
where 
 
νE
w,s = − 1− φ
1− φi
⎛
⎝⎜
⎞
⎠⎟
1/3
εw K
w
µw
∇Lp
w + εwDw∇Lε
w + εw K
w
µw
Nw∇L !ε
w⎛
⎝⎜
⎞
⎠⎟
.  
Gas phase:  
 
εg !ρg + !εgρg + 1− φ
1− φi
⎛
⎝⎜
⎞
⎠⎟
1/3
∇L ⋅(ε
gρgνL
g,s )+ εgρg
!φ
1− φ
= w eˆv   (3.27) 
where 
1/3 g
g,s g g
L Lg
i
1 K p
1
ν
⎛ ⎞−φ= − ε ∇⎜ ⎟−φ µ⎝ ⎠
.    
Vapor phase:  
 
εg !ρv + !εgρv + 1− φ
1− φi
⎛
⎝⎜
⎞
⎠⎟
1/3
∇L ⋅(ε
gρvνL
v,s )+ εgρv
!φ
1− φ
= w eˆv   (3.28) 
where v,s g,s v,gL L Lν ν ν= +  and 
1/3 v
v,g v
L Lv
i
1 D
1
ν
⎛ ⎞−φ= − ∇ ω⎜ ⎟−φ ω⎝ ⎠
.   
Solid phase:  
 
!φ− (1− φ) 1− φ
1− φi
⎛
⎝⎜
⎞
⎠⎟
1/3
∇L ⋅ νL
s = 0   (3.29) 
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Energy balance: 
( )
1/3
p L L
s,w,g i
1/3 1/3
w v
L L
s,w,gi i
T 1C T
t 1
1 1 ˆk T e
1 1
να α α α
α=
α α
α=
⎛ ⎞⎛ ⎞∂ −φ⎜ ⎟ε ρ + ⋅ ∇⎜ ⎟⎜ ⎟∂ −φ⎝ ⎠⎝ ⎠
⎛ ⎞⎛ ⎞ ⎛ ⎞− φ −φ= ∇ ⋅ ε ∇ −λ⎜ ⎟⎜ ⎟ ⎜ ⎟− φ −φ⎝ ⎠ ⎝ ⎠ ⎝ ⎠
∑
∑
  (3.30) 
where ,s sL L Lν ν ν
α α= + . 
 Equations (3.26) – (3.30) coupled with the poroviscoelasticity equation (3.15) can be 
used to solve the unsaturated transport problems for the deforming biopolymeric materials. 
 
3.4.7 Input Parameters and Material Properties
 
All physical, thermal and mechanical properties of materials required to solve the 
transport equations are given in Tables 4.1 – 4.3. These tables are self-explanatory. 
 
Volume Fraction of Water 
The relation of the moisture content and volume fraction of water in the extrudate can be 
calculated as 
 
( )gw sw
w s w
X 1
X
ρ −ε
ε =
ρ +ρ
    (3.31) 
 
Evaporation/Condensation Term 
The source/sink term due to phase change can be calculated using (Halder, Dhall, & 
Datta, 2007) 
 ( )w v v veqeˆ p p= ξ −     (3.32) 
where ξ  represents the evaporation rate constant, veq w satp a p=  is the equilibrium vapor pressure, 
wa  is the water activity of the matrix (Table 3.3) and satp  is the saturated vapor pressure at a 
given temperature (Table 3.1). The vp  is calculated by using the thermodynamic relation: 
v v vp R T= ρ , where the vρ  is the dependent variable obtained by solving the equation (3.28). 
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Capillary Pressure 
The generalized Darcy’s law relations (equation (3.7)) involve flow of water due to both 
concentration gradient w( )∇ε  and pressure gradient w( p )∇ . The capillary pressure relation can 
be used to calculate wp  from gp  and cp . 
g w cp p p− =   (3.33) 
where the following relationship between capillary pressure c(p )  and water phase saturation 
w(s )  is used (Bonneau & Puiggali, 1993; Kang & Chung, 2009) 
( )
( )( ) ( )( )
w w
c
3.7w w 3
12.12s exp 5.939s
p 101325
0.046 1 s s 1 2.79 10 T 273
− −
⎡ ⎤−
⎢ ⎥=
⎢ ⎥+ − − × −⎣ ⎦
  (3.34)
 
 
Mass and Heat Transfer Coefficients 
 After the extrudate exits the die, convective heat and mass transfer occurs between the 
extrudate surface and the surrounding air. The water and vapor fluxes can be determined by 
using the partial pressure of vapors across the extrudate surface (Takhar, 2011) as shown in 
Table 3.4. The convective mass transfer coefficient for air flow around cylinder can be calculated 
by using the Sherwood number relation. 
 mv
h DSh
D
=   (3.35) 
where mh  is the mass transfer coefficient [m s
-1], D  is the diameter of the extrudate [m] and vD  
is the coefficient of diffusivity of vapor in air [m2 s-1]. 
 The average Sherwood number for the fluid flow across a single cylinder in the Reynolds 
numbers range of 100–3500 can be expressed as (Perry & Green, 1997) 
 1/2 1/3Sh 0.82Re Sc=   (3.36) 
where Reynolds and Schmidt numbers for the gas flow around the particle are expressed as 
g,s g gRe D= ν ρ µ  and g g vSc D= µ ρ . 
In convection heat transfer studies, a ratio of heat convection relative to heat conduction 
across the fluid layer can be written in term of Nusselt number as 
 50 
T
g
h DNu
k
=   (3.37) 
where Th  is the heat transfer coefficient [W m
-2 K-1] and gk  is the thermal conductivity of gas 
phase [W m-1 K-1]. This equation can be used to calculate the heat transfer coefficient when Nu , 
D  and gk  are known. A simpler empirical relation is proposed by Çengel (1998) for the average 
Nusselt number of fluid flow across the circular cylinder in the Reynolds number range of 40 – 
4000: 
 0.466 1/3Nu 0.683Re Pr=   (3.38) 
where Prandtl number is expressed as g g gpPr C k= µ .  
In addition, the mass and heat transfer are analogous phenomenon under certain 
conditions. The coefficients of mass and heat transfer are related by Lewis analog and can be 
expressed as (Holman, 2010) 
g g 2/3T
p
m
h C Le
h
= ρ , where 
ScLe
Pr
=   (3.39) 
where Le is the Lewis analogy. 
 
Glass Transition Temperature 
Zhong and Sun (2005) used the differential scanning calorimeter (DSC) to determine the 
thermal behavior of gelatinized cornstarch in a moisture content range of 13.5–31.6% (db). Their 
study showed that the gelatinized cornstarch undergoes glass transition at 19.1–98.3°C. Similar 
results were observed by Shogren (1992), and Ditudompo, Takhar, Ganjyal, and Hanna (2013). 
Prediction of glass transition temperature of gelatinized cornstarch gl(T )  was obtained using the 
Gordon-Taylor equation (Gordon & Taylor, 1952): 
( )
( )
w s
bw gl gl bw gl
gl
bw gl bw
X T c 1 X T
T
X c 1 X
+ −
=
+ −
  (3.40) 
where bwX  is the mass fraction of pure water, glc  is a constant, and 
w
glT  and 
s
glT  are the glass 
transition temperatures of pure water and pure starch, respectively. For pure water, wglT  is taken 
as 138.2 K. Zhong and Sun (2005) reported the values of glc  and 
s
glT  are 0.176 and 551.0 K, 
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respectively. Additionally, the bwX  is defined as the bound water or non–freezing water that is 
tightly bound to the gelatinized cornstarch molecules and therefore cannot crystallize. 
 
3.4.8 Initial and Boundary Conditions 
The initial moisture content of the extrudates at different extrusion conditions were 
measured after exiting the die to be 0.143 – 0.245 1solidkg kg
− . The volume fraction of water phase 
was calculated by using the equation (3.31) and the initial volume fraction of gas phase was 
estimated by using the difference between the moisture content of the feed mixtures and initial 
moisture content of the extrudates at the die exit. Various initial and boundary conditions and 
experimental parameters needed to obtain the solution of the transport model for extrudate 
during expansion are summarized in Table 3.4. 
 
3.5 MATERIALS AND METHODS 
3.5.1 Experimental Procedures 
Extrudate samples were prepared from native cornstarch (Tate & Lyle Ingredients 
Americas LLC, Decatur, IL, USA) with initial moisture content of 8.7% (db). The cornstarch 
was blended with distilled water, adjusted to moisture content of 19 and 27% (db) and then 
stored in a refrigerator for 24 h to equilibrate the moisture. The average moisture content of the 
equilibrated samples were 18.3 ± 0.5% and 26.1 ± 0.5% (db), respectively. Next, the cornstarch 
samples were extruded with a twin–screw extruder (C.W. Brabender Instrument Inc., South 
Hackensack, NJ) with a screw diameter of 1.8 cm and a screw length of 80 cm. The die nozzle 
had a single circular hole with a diameter of 3 mm. The barrel temperature was adjusted to 393 
and 413, while screw speed of 200, 300 and 400 rpm were employed. After the extrudates exited 
the die, they were collected at 1, 5, 10, 20 and 40 s and immediately immersed in the liquid 
nitrogen for 1 min.  
Moisture content of extrudates was determined by gravimetric method (Ditudompo, 
Takhar, Ganjyal, & Hanna, 2013). The samples were dried in an air oven at 105°C for 24 h and 
cooled to room temperature in a desiccator. Moisture content (% dry basis) is presented as an 
average of six measurements. 
An infrared ThermaCAM SC640 camera (FLIR systems, Inc., Boston, MA, USA) was 
used to record the two-dimensional images of the extrudates after exiting the die, which were 
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recorded under steady-state conditions for every 0.05 s for 2 min. ThermaCAM Researcher Pro 
2.10 Analysis Software (FLIR systems, Inc.) was used to analyze the infrared images for 
determining the temperature distribution on the surface of extrudates. For each image, the 
surface temperature along the length of extrudate was defined as the maximum temperature in 
each section of length. Each reported value is an average of ten measurements. The expansion of 
the sample was evaluated on the basis of diameter change. The expansion ratio was calculated by 
dividing the cross-sectional diameter of the extrudate by the cross-sectional diameter of the die 
nozzle. For analyzing the infrared images, an image analyzer software (ImageJ, version 1.48; 
National Institutes of Health, Bethesda, MD) was used for measuring the diameter along the 
length of each extrudate. An average expansion ratio of ten measurements is reported. 
 
3.5.2 Numerical Solution and Model Validation 
The extrudate was assumed to be of cylindrical shape. Therefore, a 2D–axisymmetric 
finite element geometry was used for the simulations (Figure 3.2). A commercial finite elements 
software package (COMSOL Multiphysics version 4.4; Comsol Inc., Burlington, MA) was used 
for solving the mass, momentum and heat transfer equations coupled with the poroviscoelasticity 
equations in order to investigate the extruded cornstarch during expansion. A mapped mesh was 
generated at time zero with predefined distribution type and 100 elements with an element ratio 
(ratio of center to surface element length) of 5. The solution was achieved using the MUMPS 
solver (Amestoy, Duff, & L'Excellent, 2000) with a time step size of 0.1s. Each simulation run 
was completed in about 18 min on a PC with Intel Core i7 processor with 3.40GHz and 32GB 
RAM memory. 
The conservation of water, gas, vapor and solid phases in equations (3.26) – (3.29) were 
solved for the dependent variables wε , gp , vρ and φ , respectively; the conservation of energy in 
equation (3.30) was solved for the dependent variable T ; and the poroviscoelasticity equation 
(3.15) was solved for the dependent variable u . Subsequently, the model was validated by 
comparing the model results with the experimental data, which were surface temperature, 
moisture content and expansion ratio of the extrudates. The coefficient of variation (CV) and the 
average absolute deviation (AAD) were used to measure the differences between the predicted 
and the experimental data. The AAD was calculated as 
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n
exp pred
i 1 exp i
X X100AAD(%)
n X=
⎛ ⎞−
= ⎜ ⎟⎜ ⎟⎝ ⎠
∑   (3.41) 
where n is the number of the data points, expX  is an experimental value and predX  is the predicted 
value. 
 
3.6 RESULTS AND DISCUSSION 
3.6.1 Validation of Model Predictions 
The experimental results for the surface temperature, moisture content, and expansion 
ratio were compared with the modeling results. The purpose of this validation was to test the 
numerical code for solving the unsaturated transport – poroviscoelasticity model of Takhar 
(2014) for prediction of moisture content, temperature and expansion ratio in cornstarch 
extrudate.  
 
Surface Temperature Distribution 
Figure 3.3 shows the comparisons between the experimental and predicted surface 
temperature of the extrudates. The experimental surface temperature of extrudates after leaving 
the die quickly increased and then decreased gradually as the distance from die exit increased 
while the simulated surface temperature showed only the decreasing trend after exiting the die. 
Rising temperature may have been caused by a lag in temperature increase that was occurring 
when the extrudate was passing through the die. In the model the initial conditions were taken at 
the moment starch exited the die. The experimental results agree well with the predicted results 
as confirmed by the AAD that was less than 2.3%. In addition, the model’s ability to predict the 
surface temperature of the extrudates was confirmed by CV that varied between 0.5 and 2.4% 
(Figure 3.3). Therefore, there was a good agreement between the predicted and the experimental 
data as indicated by low AAD and CV. 
 
Moisture Distribution 
The predicted average moisture content values are plotted together with the experimental 
results in Figure 3.4. The moisture content trends predicted by the model were found to be 
consistent with the experimental values with both showing a decreasing trend. The CV for the 
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average moisture content of the extrudates at feed moisture content of 18.3% (db) and barrel 
temperature of 393.2 K and at feed moisture content of 26.1% (db) and barrel temperature of 
413.2 K were 2.5–6.4% and 11.3–14.1%, respectively. Similarly, the AAD for the average 
moisture content of the extrudates at feed moisture content of 18.3% (db) and barrel temperature 
of 393.2 K and at feed moisture content of 26.1% (db) and barrel temperature of 413.2 K were 
2.4–5.7% and 11–13.8%, respectively. The prediction of moisture content of the cornstarch 
extruded at feed moisture content of 26.1% (db) and barrel temperature of 413.2 K was less 
accurate. This could have resulted since the equation for coefficient of diffusivity was based 
upon the experimental data in the temperature range of 333.2–393.2 K (Vagenas & Karathanos, 
1993). The diffusivity equation used in the model was extrapolated to the higher temperature 
range (>393.2 K).  
 
Expansion Ratio 
After the high–pressure melt passes through the extruder die, the gelatinized starch 
embeds in the extruded matrix, the liquid water turns to steam and then evaporates quickly, 
which helps to form a porous structure (Fan, Mitchell, & Blanshard, 1994; Valle, Vergnes, 
Colonna, & Patria, 1997). The comparisons between the experimental and simulated expansion 
ratios of the extrudates are shown in Figure 3.5. The expansion ratios of extrudates increased 
quickly within 0.5 s after exiting the die because of the rapid change in pressure and then 
gradually decreased until the constant expansion ratios were reached. These trends can be 
observed in both simulations and experiments, which show the agreement. The AAD for the 
expansion ratios of the extrudates at feed moisture content of 18.3% (db) and barrel temperature 
of 393.2 K and at feed moisture content of 26.1% (db) and barrel temperature of 413.2 K were 
13.3–16.7% and 26.5–30.6%, respectively. Additionally, the model’s ability to calculate the 
expansion ratios of the extrudates was confirmed by CV that varied between 14.0 and 32.0%. 
Fan, Mitchell, and Blanshard (1994) discussed that the initial temperature, moisture content and 
melt viscosity were the dominant factors affecting expansion in starchy extrudates. The 
mechanical properties of the extrudates, such as coefficient of elasticity and Poisson’s ratio, were 
related to melt viscosity. Further improvement in predictions is expected if these properties are 
known with greater accuracy.  
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Figure 3.6 presents a comparison between experimental and predicted expansion ratios 
when the extrudates were assumed to be poroelastic and poroviscoelastic materials. It clearly 
shows that the poroviscoelastic model provides better prediction of expansion trend than the 
poroelastic model. This is because the extrudate exhibits both viscous and elastic characteristics 
(Agbisit, Alavi, Cheng, Herald, & Trater, 2007; Ditudompo, Takhar, Ganjyal, & Hanna, 2013) 
when undergoing expansion. The poroelastic model exhibits a hump in expansion ratio curve at 
1.1 cm from die exit. This hump gets relaxed in the poroviscoelastic model, in agreement with 
the experimental trend. 
For the linear viscoelastic component, the average mechanical properties of the 
extrudates such as the Poisson’s ratio ( )ν  and the instantaneous shear modulus 0(G ) , which is 
the value of G(t) at t = 0, were obtained from independent studies (Agbisit, Alavi, Cheng, 
Herald, & Trater, 2007; Fan, Xu, Zhou, & Xiang, 2011). The change in the volume of a sample 
increased as the Poisson’s ratio decreased (Bourne, 2002). Evans and Lips (1992) demonstrated 
that the value of 0G  increased approximately linearly with starch concentration, which implies 
that higher values of 0G  can be detected at lower moisture content. Chanvrier, Colonna, Della 
Valle, and Lourdin (2005) found that the value of 0G  decreased when the temperature of the 
cornstarch extrudates increased. Increasing the value of 0G  means an increase in the solid-like 
behavior. The extrudates exhibit a decreased solid–like behavior when the temperature and 
moisture content are increased (Ditudompo, Takhar, Ganjyal, & Hanna, 2013). The sensitivity of 
the parameters in the linear viscoelastic model to affect the expansion ratio are shown in Figure 
3.7. It is clearly demonstrated that the expansion ratio was a function of the 0G  and ν , which 
depended strongly on the moisture content and temperature of the extrudates. Increases in the 
values of 0G  and ν  resulted in decreases in the expansion ratios. Therefore, the mechanical 
properties play a dominant role in the expansion of the extrudates, which is in agreement with 
work by Kokini, Ho, and Karwe (1992). Figure 3.7 can provide guidance for predictably 
controlling the expansion behavior as a function of the mechanical properties of the material. 
Expansion/contraction can further be explained using the pore pressure in the poroviscoelastic 
matrix as discussed in the next section.    
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3.6.2 Simulated Temperature and Moisture Profiles 
The predicted glT  of extrudate increased from 326.3 to 352.0 K because of reduction in 
water content of the extrudate after exit from the die. The average temperature of extrudates 
decreased from 419.3 to 306.4 K in 70 s (Figure 3.8a) and the average volume fraction of water 
decreased from 0.236 to 0.165 in 70 s (Figure 3.8b). The extrudate had different phase behavior, 
which depended on temperature and moisture content. When the average temperature of 
extrudate is lower than the glT , the extrudate exists in the glassy state, which occured beyond 
16.7 s after exiting the die. Similarly, after exit from the die, the extrudate is considered in the 
rubbery state (solid line) and then turns into the glassy state (dash line) when the volume fraction 
of water becomes less than 0.17 (t ≥ 16.7 s).  
The predicted change in the temperature profile across the radial cross-section of the 
extrudate at various times is shown in Figure 3.9a. After exit from the die, the temperature near 
the surface layers reduced rapidly but the temperature near the center reduced slowly. For 
example, for the extrudate at 10 s after exiting the die, the locations near the surface layers (1.12 
mm from center to the surface) were in the glassy state (dash line) but the inside layers (distance 
from center to 1.12 mm) remained in the rubbery state. The solid lines from t = 0–5 s show that 
the extrudate at all spatial locations were completely in the rubbery state while the whole 
extrudate turned into the glassy state at 50 s or more after exit from the die. Correspondingly, 
Figure 3.9b shows that when the extrudate exited the die, (1) it was in the rubbery state (t = 0–5 
s); (2) it started changing to the glassy state from the surface to the center (10 ≤ t ≤ 40 s); and (3) 
it was completely in the glassy state at t ≥ 50 s. Furthermore, the volume fraction of water at the 
surface dropped very rapidly due to high evaporation rate (Bouvier & Campanella, 2014). The 
volume fraction of water near the center dropped slowly due to formation of dry layer near the 
surface (crust), which became thicker with time. The crust had lower specific heat and thermal 
conductivity as compared to the core, which caused the decrease in the rate of mass and heat 
transfer (Datta, 2007). Therefore, the average temperature and/or volume fraction of water of the 
extrudates cannot be used as the indicators to define their states. Determination of the states 
requires temperature and/or volume fraction of water at the different spatial locations inside the 
extrudate, which can be estimated using numerical results from this study. 
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3.6.3 Simulated Pressure Profiles 
Various pressure profiles across the radial cross-section of the extrudate at various times 
are shown in Figure 3.10. The predicted gas pressure at the die was 422 kPa (Figure 3.10a). The 
extrudate expanded after exit from the die because the gas pressures increased quickly up to 1 s 
and then started decreasing because of the decrease in temperature of the extrudate due to 
evaporative cooling and energy loss to the surroundings. 
A decrease in moisture content of the extrudate after exit from the die resulted in an 
increase in the capillary pressure. Figure 3.10b shows that the capillary pressure near the surface 
layers increased rapidly while the capillary pressure near the center increased slightly. The high 
value of capillary pressure near the surface layers can cause the negative water pressure (Figure 
3.10c) because the w g cp p p= − .  
The effect of gas and water pressure on expansion/contraction of matrix can be combined 
using pore pressure w w g gp(p s p s p )= + . The extrudate expanded after exiting the die due to pore 
pressure increase up to 1 s, which was the main driving force for extrudate expansion. During 
extrusion process, the pore pressure of the extrudate near the surface was lower as compared to 
the center (Figure 3.10d). the negative water pressure near the surface layers would make the 
pore pressure negative, which would result in collapse of matrix near the surface. The extrudate 
expands suddenly after its exit from the die as the pore pressure is much higher than the 
viscoelastic stress to make the positive total stress (see equations (3.16) – (3.17)) (Figure 3.11). 
Next, the matrix expansion slows down and finally it comes to a stop when the total stress 
becomes equal to zero p viscoelas )=(σ σ . The matrix collapses when the total stress becomes 
negative p viscoelas )<(σ σ . Thus, control of mechanical and textural attributes of extruded products 
can be predictably controlled to obtain end–products with different characteristics by studying 
the effect of extrusion parameters on pore pressure. 
 
3.7 CONCLUSIONS 
The HMT based model was developed to investigate the expansion phenomenon of the 
cornstarch extrudates. The extrudate was treated as a porous medium, which was composed of 
three phases: solid, liquid water and gas (mixture of water vapor and dry air). The model 
consisted of coupled two–scale multiphase equations of mass, momentum and energy transport 
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along with the poroviscoelasticity equations. At microscale, the solid phase was assumed to be a 
viscoelastic solid and the fluid phases were considered as the viscous fluids. At macroscale, the 
viscoelastic solid interacted with the viscous fluids in the pores to create a poroviscoelastic 
system. Mass transfer was driven by pressure and concentration gradients, which included the 
diffusion between air and vapor phases, bulk and capillary flows, and phase change in terms of 
evaporation/condensation. Heat was transferred by conduction and convection with phase change 
playing an important role. The transport equations, which involved both liquid water and gas 
phases moving through the extrudate matrix, were transformed from the moving Eulerian 
coordinates to the stationary Lagrangian coordinates. Correspondingly, the volume change of the 
extrudute, which occurred due to expansion, was assumed to be geometrically similar to its 
original cylindrical shape. The volume fraction of water, gas pressure, vapor density, porosity, 
temperature and displacement field were considered as the dependent variables in the 
simulations. The values of surface temperature, moisture content and expansion ratio of the 
extrudates at different extrusion conditions were determined for model validation. Simulation 
results compared well with the experimental results (AAD = 0.4–30.6% and CV = 0.5–32.0%). 
When the extrudate exited the die, the glass transition temperature increased as the 
moisture content of the extrudates deceased. In general, the average values of temperature and/or 
volume fraction of water can be used to indicate the state (glassy or rubbery) of the materials. 
However, the simulation results showed that these average values were not a good measure of 
the state because of non–uniform temperature and/or volume fraction of water at different spatial 
locations across the cross–section of the extrudate.  
Furthermore, the simulated temperature, moisture content, and pressure distribution 
within the extrudate were investigated. The temperature and moisture content dropped very 
rapidly from the surface to the interior. It can be seen that the glassy crust was developed from 
the surface to interior hence the rates of mass and heat transfer decreased due to lower specific 
heat and thermal conductivity of the crust. Additionally, the extrudates expanded after exiting the 
die due to pore pressure development inside the extrudate matrix. Expansion/contraction 
occurred due to difference between the stress due to pore pressure p )(σ  and viscoelastic stress 
viscoelas )(σ . At the beginning, the starch expanded rapidly in a few second after exiting the die, as 
the total stress was positive due to an increase in pore pressure. After that, the pore pressure 
continued to drop so the extrudate growth slowed down and finally stopped expanding when the 
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total stress became zero. Next, the extrudate started collapsing when the total stress became 
negative due to  
σp < σviscoelas . The model obtained in this study can be used in a novel design for 
developing the specific texture characteristics of expanded products, and optimizing and/or 
controlling the process conditions.  
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Figure 3.1  Three-scale structure of the extrudate. 
  
 64 
 
Figure 3.2  Schematic diagram of the extrudate showing the fluid and heat transfer during 
expansion. 
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Figure 3.3  Comparison of experimental and predicted surface temperature of the cornstarch 
extruded at feed moisture contents of 18.3 and 26.1% (db), barrel temperatures of 
393.2 and 413.2 K, and screw speeds of 200, 300 and 400 rpm. 
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Figure 3.4  Comparison of experimental and predicted average moisture content of the 
cornstarch extruded at feed moisture contents of 18.3 and 26.1% (db), barrel 
temperatures of 393.2 and 413.2 K, and screw speeds of 200, 300 and 400 rpm. 
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Figure 3.5 Comparison of experimental and predicted expansion ratio of the cornstarch 
extruded at feed moisture contents of 18.3 and 26.1% (db), barrel temperatures of 
393.2 and 413.2 K, and screw speeds of 200, 300 and 400 rpm. 
  
0.0 
0.5 
1.0 
1.5 
2.0 
2.5 
0 2 4 6 8 10 12 14 
Ex
pa
ns
io
n 
R
at
io
 
 
Distance from die exit (cm) 
18.3%, 393.2 K, 200 rpm 
Predicted 
0.0 
0.5 
1.0 
1.5 
2.0 
2.5 
0 2 4 6 8 10 12 14 
Ex
pa
ns
io
n 
R
at
io
 
 
Distance from die exit (cm) 
18.3%, 393.2 K, 300 rpm 
Predicted 
0.0 
0.5 
1.0 
1.5 
2.0 
2.5 
0 2 4 6 8 10 12 14 
Ex
pa
ns
io
n 
R
at
io
 
 
Distance from die exit (cm) 
18.3%, 393.2 K, 400 rpm 
Predicted 
0.0 
0.5 
1.0 
1.5 
2.0 
2.5 
0 2 4 6 8 10 12 14 
Ex
pa
ns
io
n 
R
at
io
 
 
Distance from die exit (cm) 
26.1%, 413.2 K, 200 rpm 
Predicted 
0.0 
0.5 
1.0 
1.5 
2.0 
2.5 
0 2 4 6 8 10 12 14 
Ex
pa
ns
io
n 
R
at
io
 
 
Distance from die exit (cm) 
26.1%, 413.2 K, 300 rpm 
Predicted 
0.0 
0.5 
1.0 
1.5 
2.0 
2.5 
0 2 4 6 8 10 12 14 
Ex
pa
ns
io
n 
R
at
io
 
 
Distance from die exit (cm) 
26.1%, 413.2 K, 400 rpm 
Predicted 
AAD = 16.6% 
CV = 17.3% 
AAD = 13.3% 
CV = 14.0% 
AAD = 16.7% 
CV = 17.4% 
AAD = 30.6% 
CV = 32.0% 
AAD = 28.0% 
CV = 28.8% 
AAD = 26.5% 
CV = 27.0% 
 68 
 
Figure 3.6 Experimental and predicted expansion ratio obtained on the basis of the 
poroviscoelastic and poroelastic models of the cornstarch extrudated at feed 
moisture content of 18.3% (db), barrel temperature of 393.2 K, and screw speed 
of 300 rpm. 
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Figure 3.7 Expansion ratio at various: (a) Poisson’s ratio and (b) instantaneous shear 
modulus of the cornstarch extruded at feed moisture content of 18.3% (db), barrel 
temperature of 393.2 K and screw speed of 300 rpm. 
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Figure 3.8  Simulated data of cornstarch extruded at feed moisture content of 26.1% (db), 
barrel temperature of 413.2 K and screw speed of 300 rpm: (a) changes in average 
and glass transition temperatures with time and (b) average volume fraction of 
water. The solid and dash lines represent the rubbery and glassy states of the 
extrudate, respectively. 
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Figure 3.9  Simulated data of cornstarch extruded at feed moisture content of 26.1% (db), 
barrel temperature of 413.2 K and screw speed of 300 rpm: (a) temperature 
profiles and (b) volume fraction of water profiles across the radial cross-section of 
a single extrudate. The solid and dash lines represent the rubbery and glassy states 
of the extrudate, respectively. 
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Figure 3.10  Spatial distribution of (a) gas, (b) capillary, (c) water, and (d) pore pressures 
across the radial cross-section of the cornstarch extruded at feed moisture content 
of 26.1% (db), barrel temperature of 413 K and screw speed of 300 rpm. 
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Figure 3.11  Spatial distribution of R-component of viscoelastic stress across the radial cross-
section of the cornstarch extruded at feed moisture content of 26.1% (db), barrel 
temperature of 413.2 K and screw speed of 300 rpm. 
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Table 3.1  Physical, thermal and mechanical properties of materials used in the model. 
 
Property Source 
Coefficient of diffusivity [m2 s-1]  
water 8
u2.9 10 exp( 13.9 / (R T))
−× −   Vagenas and 
Karathanos (1993) 
vapor 6 8 10 22.775 10 4.479 10 T 1.656 10 T− − −− × + × + ×   By fitting to data 
from Bolz and 
Tuve (1973) 
Density [kg m-3]  
air Ideal gas  
water 3 2 7 3838.466 1.401T 3.011 10 T 3.718 10 T− −+ − × + ×   Poling, Prausnitz, 
and O’Connell 
(2001)  
Molecular weight [kg/mol-1]  
air 328.97 10−×   Denny (1993) 
water 318.02 10−×   Denny (1993) 
vapor 318.02 10−×  Denny (1993) 
Specific heat [J kg-1 K-1]  
air 4 2 7 3
10 4
1047.637 0.373T 9.453 10 T 6.024 10 T
1.286 10 T
− −
−
− + × − ×
+ ×
  
Poling, Prausnitz, 
and O’Connell 
(2001) 
water 2 4 3
7 4
12010.147 80.407T 0.310T 5.382 10 T
3.625 10 T
−
−
− + − ×
+ ×
  
Zábranský, 
Růžička, and 
Domalski (2002) 
vapor 2 4 3
7 4 11 5
13604.734 90.430T 0.277T 4.213 10 T
3.184 10 T 9.561 10 T
−
− −
− + − ×
+ × − ×
 
Poling, Prausnitz, 
and O’Connell 
(2001) 
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Table 3.1  (cont.) 
 
Property Source 
Thermal conductivity [W m-1 K-1]  
air 3 4 8 2
11 3 15 4
2.276 10 1.155 10 T 7.903 10 T
4.117 10 T 7.439 10 T
− − −
− −
− × + × − ×
+ × − ×
  
Vargnaftik (1975) 
water 9 33 5 20.869 8.949 10 T 1.584 10 T 7.975 10+ T− − −× − × + ×  Vargnaftik (1975) 
vapor 114 5 2 381.317 +5.150 +3.10 10 T 10 T 10 T896 1.368− − − −× × × − ×   Vargnaftik (1975) 
Viscosity [Pa s]  
air 7
14 3 17 4
8 11 28.383 10 8.357 10 T 7.694 10 T
4.644 10 T 1.066 10 T
− − −
− −
− × + × − ×
+ × − ×
 
Poling, Prausnitz, 
and O’Connell 
(2001) 
water 7 32 4 2
10 4 13 5 16 6
1.380 2.122 10 T 1.360 10 T 4.645 10 T
8.904 10 T 9.079 10 T 3.846 10 T
− − −
− − −
− × + × − ×
+ × − × + ×
 
Poling, Prausnitz, 
and O’Connell 
(2001) 
vapor 
15
6 2 2
3
8 11.420 10 3.835 10 T 3.852 10 T
2.102 10 T
− − −
−
× + × − ×
+ ×
 
Poling, Prausnitz, 
and O’Connell 
(2001) 
Evaporation rate constant [s m-2] 0.5ξ =    
Latent heat of vaporization [J kg-1] 6 22.792 10 160T 3.43Tλ = × − −   Stanish, Schajer, 
and Kayihan 
(1986) 
Mixture viscosity [Pa s] 
( )w 3 w wN 1.12 10 9826.208 14215.012X 35.883X 18.326 T= × − + −⎡ ⎤⎣ ⎦  
Adapted from 
Ditudompo, 
Takhar, Ganjyal, 
and Hanna (2013) 
Saturated vapor pressure [Pa]  
1
sat 2
2
5
21.241 2.711 10 T
1.67
6096.939 T
p exp
104 T 2.434log(T)
−
−
−⎡ ⎤−
= ⎢ ⎥
×
+
+⎣
×
+ ⎦
−  
Perry and Green 
(1997) 
Universal gas constant [J mol-1 K-1]  
uR 8.314462=   
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Table 3.2  Physical and thermal properties of gas (mixture of water vapor and dry air). 
 
Property Equation Source 
Specific heat [J kg-1 K-1] g a a v v
p p pC C C=ω +ω   
where a v1ω = −ω  and 
v
v
a v
ρω =
ρ +ρ
 
Chapman-Enskog 
theory (Bird, 
Stewart, & 
Lightfoot, 2002) 
Gas permeability [m2] 
g 13 wK 1.01 10 exp( 10.86s )−= × −   
where 
w
w
w gs
ε=
ε + ε
 
Ni, Datta, and 
Torrance (1999) and 
Feng, Tang, Plumb, 
and Cavalieri (2004)  
Thermal conductivity 
[W m-1 K-1] 
a a v v
g
v av a a va v
x k x kk
x x x x
= +
Φ + Φ +
 
where a vx 1 x= − , 
v
v
g
px
p
= ,  
( ) ( )
( )
20.5 0.25a v v a
av
0.50.5 a v
1 / M /M
8 1 M /M
⎡ ⎤+ µ µ⎢ ⎥⎣ ⎦Φ =
+
 
and 
( ) ( )
( )
20.5 0.25v a a v
va
0.50.5 v a
1 / M /M
8 1 M /M
⎡ ⎤+ µ µ⎢ ⎥⎣ ⎦Φ =
+
 
Chapman-Enskog 
theory (Bird, 
Stewart, & 
Lightfoot, 2002) 
Viscosity [Pa s] a a v v
g
v av a a va v
x x
x x x x
µ µµ = +
Φ + Φ +
 
Chapman-Enskog 
theory (Bird, 
Stewart, & 
Lightfoot, 2002) 
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Table 3.3  Geometry and physical, thermal and mechanical properties of the extrudates. 
 
Property Unit Equation or value Source 
Initial diameter [m] 33 10−×   Measured  
Initial length [m] 34.5 10−×   Measured 
True density [kg m-3] 1423.7 Measured 
Specific heat [J kg-1 K-1] w2570.1X 1694.4−   
 
By fitting to data 
from Hwang, 
Heldman, Chao, and 
Taylor (1999) 
Water activity  3 (629/250)
wexp 5.9 10 X
−⎡ ⎤− ×⎣ ⎦   Andrade P., Lemus 
M., and Perez C. 
(2011) 
Thermal conductivity [W m-1 K-1] 40.21 4.1 10 T−+ ×   Maroulis, Shah, and 
Saravacos (1991) 
Coefficient of elasticity [MPa] 1.7 Fan, Xu, Zhou, and 
Xiang (2011) 
Poisson ratio  0.25 Agbisit, Alavi, 
Cheng, Herald, and 
Trater (2007) 
Viscoelastic parameters 
(Generalized Maxwell 
model) 
[Pa] 4
1G 2.52 10= ×   By fitting to data 
from Ditudompo, 
Takhar, Ganjyal, and 
Hanna (2013) 
[Pa] 4
2G 1.52 10= ×   
[s] 
1 10.9τ =   
[s] 
2 123.7τ =   
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Table 3.4 Initial and boundary conditions and experimental parameters of the extrudates 
extruded at feed moisture content of 26.1% (db), barrel temperature of 413.2 K, and 
screw speed of 300 rpm. 
 
Property Equation Quantity 
Water transport (3.26) 
IC: w wiε = ε  
BC: at r R= ; water flux v vw m eq ambQ h ( )= − ρ −ρ  [kg m
-2 s-1] 
with mh 0.114 0.192= −  [m s-1] 
where 
v
eqv
eq v
p
R T
ρ = , v u
v
RR
M
= , amb
v
H sat,Tv amb
amb v v
R pp
R T R T
ρ = =   
and 
ambsat ,T
p  is the saturated vapor pressure at ambT . 
Gas transport (3.27) 
IC: g v ai i ip p p= +  [Pa] 
where 
i i
v
i w,T sat,Tp a p=  , iw,Ta  is the water activity at iT ,  
isat ,T
p  is the saturated vapor pressure at iT , a a ai i ip R T= ρ ,  
a
iρ  is the air density at iT , and a auR R / M= . 
BC: at r R= ; g ambp p=  [Pa] 
Vapor diffusion (3.28) 
IC: 
v
v i
i v
i
p
R T
ρ =  [kg m-3] 
BC: at r R= ; vapor flux v vv m ambQ h ( )= − ρ −ρ  [kg m-2 s-1] 
Solid mass balance (3.29) IC: iφ = φ   
Energy transfer (3.30) 
IC: iT T=  [K] 
BC: at r R= ; heat flux T T ambQ h (T T )= −  [W m-2] 
with Th 91.8 214.1= −  [W m-2 K-1] 
Poroviscoelastic  (3.15) 
IC: w w g gi (s p s p )σ I= − +  [Pa]  
 r,iu 0=  and z,iu 0=  [m] 
BC: at r R=  and z Z= ; ambp p=  [Pa] 
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Table 3.4  (cont.) 
 
Property Equation Quantity 
Environmental parameters: 
- ambient pressure  ambp 101325=  [Pa] 
- ambient temperature  ambT 298.15=  [K] 
- relative humidity HR 0.45=  
Extrudate property at initial state: 
- moisture content  wiX 0.213=  [
1
solidkg kg
− ] 
- porosity w gi i i 0.284φ = ε + ε =  
- temperature iT 419.3=  [K] 
- volume fraction of gas gi 0.048ε =  
- volume fraction of water wi 0.236ε =  
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CHAPTER 4  
EFFECT OF EXTRUSION CONDITIONS ON EXPANSION CHARACTERISTICS OF 
CORNSTARCH EXTRUDATES  
 
 
4.1 ABSTRACT 
Three response parameters (apparent density, porosity and expansion ratio) were 
examined for investigating the expansion characteristics of cornstarch as a function of extrusion 
conditions. Cornstarch with moisture contents of 18.3, 26.1 and 34.8% (dry basis) were extrusion 
cooked in a twin-screw extruder at barrel temperatures of 120 and 140°C and screw speeds of 
200, 300 and 400 rpm. Results indicated that feed moisture content, barrel temperature and screw 
speed had significant effects on the density, porosity and expansion ratio of extruded cornstarch 
products (p<0.05). Increases in feed moisture content resulted in increases in bulk density and 
decreases in porosity and expansion ratio (p<0.05). Increases in barrel temperature and screw 
speed resulted in decreases in bulk density and increase in porosity and expansion ratio (p<0.05). 
In addition, the moisture content and surface temperature of the extruded products were 
influenced by extrusion conditions. Lowering the feed moisture content and increasing the barrel 
temperature and screw speed caused a lower moisture content and higher surface temperature of 
the cornstarch extrudates (p<0.05). These results can be used to optimize the process conditions, 
which can minimize the production loss, and provide information for controlling and/or 
predicting textural characteristics of expanded cornstarch products. 
 
4.2 NOMENCLATURE 
M  moisture content (% db)  
S  screw speed (rpm)  
T temperature (°C)  
φ   porosity (decimal)  
  apparent density (kg/m3) 
  tap density (kg/m3) 
  true density (kg/m3) 
 
ρapp
tapρ
trueρ
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% (db) dry basis (g water/100 g solids)  
 
4.3 INTRODUCTION 
Extrusion technology, as a flexible and continuous process, is an economical and efficient 
technology. It is used widely in the food, feed and biomedical industries to make a variety of 
products. Extruded products are used for human consumption, non-consumable materials, and 
biodegradable materials for agricultural and medical biotechnology applications (Adamu, 2001; 
Chanvrier, Della Valle, & Lourdin, 2006; Ditudompo, Takhar, Ganjyal, & Hanna, 2013; 
Domingo & Morris, 1999; Lazou & Krokida, 2010; Mao, Imam, Gordon, Cinelli, & Chiellini, 
2000; Shogren, 1992). Several studies have investigated the effect of extrusion process variables 
such as die and nozzle shapes and dimensions, feeder speed, screw speed, barrel temperature, 
feed material, starch source and composition, and moisture content of the material on the quality 
of starch-based products, which is represented in terms of appearance, texture, degree of 
expansion, water adsorption and water solubility (Arhaliass, Legrand, Vauchel, Fodil-Pacha, 
Lamer, & Bouvier, 2009; Carvalho, Takeiti, Onwulata, & Pordesimo, 2010; Chillo, Civica, 
Iannetti, Mastromatteo, Suriano, & Del Nobile, 2010; Cyras, Martucci, Iannace, & Vazquez, 
2002; Onwulata, Smith, Konstance, & Holsinger, 2001; Robin, Dubois, Pineau, Schuchmann, & 
Palzer, 2011; Robin, Engmann, Pineau, Chanvrier, Bovet, & Della Valle, 2010; Zhu, Shukri, de 
Mesa-Stonestreet, Alavi, Dogan, & Shi, 2010). 
Starch expansion has been used commonly for production of various products such as 
snack foods, breakfast cereals, bread, confectionery, pet foods, and biofoams for packaging. The 
degree of expansion is an important criterion to evaluate the consumer acceptability of expanded 
products, which relates to attributes such as structure, appearance and texture (Ding, Ainsworth, 
Tucker, & Marson, 2005; Meng, Threinen, Hansen, & Driedger, 2010; Sawant, Thakor, Swami, 
& Divate, 2013). For evaluating the expansion characteristics, many expansion indicators are 
used, such as the specific and bulk density, specific volume, porosity, diameter ratio, sectional 
expansion index, and volumetric index (Harper & Clark, 1979; Leonel, Freitas, & Mischan, 
2009; Meng, Threinen, Hansen, & Driedger, 2010; Patil, Berrios, Tang, & Swanson, 2007; 
Sawant, Thakor, Swami, & Divate, 2013; Thymi, Krokida, Pappa, & Maroulis, 2005). 
Since the expansion behavior during extrusion is strongly influenced by the material and 
process parameters, the modification of the extruder configuration, operating conditions and raw 
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material selection are used to control the characteristics of expanded products. For example, the 
extrusion process can be performed under optimum high shear rate, high extrusion temperature 
and low feed moisture content in order to produce highly expanded products. The rapid change 
in pressure causes the starch expansion and subsequent loss of moisture when the melt exits the 
die (Harper & Clark, 1979). For pre-cooked starch production, high feed moisture content, low 
screw speed and intermediate temperature provides lower starch degradation (Leonel, Freitas, & 
Mischan, 2009). In order to achieve the high quality of flour-based snacks, which is indicated by 
high expansion ratio and low bulk density and hardness, the extrusion process can be performed 
at low feed moisture content, high screw speed and medium to high barrel temperature (Meng, 
Threinen, Hansen, & Driedger, 2010). Starch is a major ingredient affecting the expansion of 
extruded products, which depends upon its degree of gelatinization (Chinnaswamy & Hanna, 
1988). The degree of gelatinization is influenced strongly by the particle size, feed moisture 
content and extrusion temperature (Anderson, Conway, & Peplinski, 1970; Bhattacharya & 
Hanna, 1987). After the viscous melt passes through the die, the gelatinized starch embeds in the 
extruded matrix and quickly hardens to hold the bubble structure of the final product.  
Expansion is a complex phenomenon involving nucleation, phase transition, bubble 
growth and collapse, which affect the structural, mechanical and textural characteristics of the 
extrudate. After an extrudate exits the die, the structure expands within a few seconds because of 
the pressure difference between the interior and the exterior of the extruded matrix. The sudden 
pressure drop at the exit converts the pressurized liquid water into vapor, which expands the 
surrounding matrix into a porous structure (Fan, Mitchell, & Blanshard, 1994; Patil, Berrios, 
Tang, & Swanson, 2007; Shafi, Lee, & Flumerfelt, 1996; Wang, Ganjyal, Jones, Weller, & 
Hanna, 2005). Leonel, Freitas, and Mischan (2009) concluded that the major variables that 
influenced specific volume of extruded cassava starch were feed moisture content and barrel 
temperature, while screw speed did not significantly affect the specific volume. Low feed 
moisture content and high barrel temperature provided high specific volume. Ilo, Tomschik, 
Berghofer, and Mundigler (1996) extruded maize grits with different feed moisture contents, 
melt temperatures and feed rates. Their results showed that the radial expansion was dependent 
more upon feed moisture content and feed rate, and less dependent upon melt temperature. 
Increasing feed moisture content and feed rate decreased the radial expansion and increased bulk 
density. Reducing the feed moisture content and/or increasing the barrel temperature resulted in 
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increased cross-sectional expansion index of wheat flour and whole cornmeal extrudates (Ryu & 
Ng, 2001).  
Expansion related parameters are important to study in order to control and/or improve 
the functionality of starch-based products. The objective of this study was to investigate the 
effects of feed moisture content, barrel temperature and screw speed on the expansion 
characteristics of extruded cornstarch. Three response parameters (density, porosity and 
expansion ratio) were examined. In addition, the moisture contents and surface temperatures of 
the extrudates were measured for the different extrusion conditions. 
 
4.4 MATERIALS AND METHODS 
4.4.1 Materials and Extrusion 
Native cornstarch (Tate & Lyle Ingredients Americas LLC, Decatur, IL, USA) with 
moisture content of 8.7% (db) was blended with distilled water and adjusted to moisture content 
of 19, 27 and 35% (db). The mixtures were stored in a refrigerator for 24 h to equilibrate the 
moisture. The average moisture contents of the equilibrated samples were 18.3±0.5%, 
26.1±0.5% and 34.8±0.2% (db). Extrusion of starch samples was performed using a twin-screw 
extruder (C.W. Brabender Instrument Inc., South Hackensack, NJ) with a screw diameter of 18 
mm and a screw length of 80 mm. The die nozzle had a single circular hole with a diameter of 
3 mm. The cornstarch mixtures were extruded at screw speeds of 200, 300 and 400 rpm and 
temperature levels in the last zone inside barrel of 120 and 140°C. Samples of the extrudates 
were collected at 1, 5, 10, 20 and 40 s after exiting the die, hereafter referred to as the measuring 
times. Subsequently, the extruded samples were immersed immediately in liquid nitrogen for 
1 min. All samples were dried in an air oven at 105°C for 24 h and then cooled to room 
temperature in a desiccator until measurements were taken. 
 
4.4.2 Physical Properties of Extrudates 
Apparent Density 
Apparent density is the mass of the sample per unit volume, which includes all pores 
remaining in the material. The mass was determined after drying at 105°C for 24 h to constant 
weight and the volume was measured using glass bead displacement method (using glass beads 
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of 1 mm diameter) (Hwang & Yakawa, 1980). The reported values are obtained from six 
samples for each extrusion condition. 
 
Tap and True Densities 
The dried extrudates were ground for the destruction of voids and then passed through a 
No.80 U.S. standard mesh screen (177 µm opening) (Ali, Hanna, & Chinnaswamy, 1996). Two 
methods were used to measure the solid density of the samples. The first method was the tap 
solid density method. It involved weighing a powdered sample and placing it in a graduated 
cylinder and then tapping 50 times until a constant volume was achieved (Musa, Gambo, & 
Bhatia, 2011). The second method aimed at measuring the true solid density by measuring the 
volume of the powdered sample using a pycnometer (Multipycnometer, Quantachrome 
Instruments, Florida, USA). The solid density was calculated by dividing the mass of sample by 
its volume. Six measurements were made for each extrusion condition. 
 
Porosity 
Porosity ( ) is the volume fraction of void space inside the material, which is expressed 
as the ratio of volume of voids to the total volume of the material. Porosity is given by the 
equation (Panagiotis, Magdalini, Bisharat, Dimitris, & Mohammad Shafiur, 2009) 
Equation Chapter 4 Section 1 (4.1) 
where  is apparent density and  is true density.  
 
Expansion Ratio 
The expansion of the sample was evaluated on the basis of diameter change. An infrared 
ThermaCAM SC640 camera (FLIR systems, Inc., Boston, MA, USA) was used to record the 
two-dimensional images of the extrudates. The ImageJ (National Institutes of Health, Bethesda, 
MD) software was used to evaluate the infrared images to determine the diameter along the 
length of each extrudate. Expansion ratio was calculated by dividing the cross-sectional diameter 
of the extrudate by the cross-sectional diameter of the die nozzle. Each reported value is an 
average of ten measurements. 
φ
app
true
1
ρ
φ = −
ρ
 
ρapp trueρ
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4.4.3 Extrudate Moisture 
The extrudates were dried in an air oven at 105°C and cooled to room temperature in a 
desiccator. The extrudates were then weighed and dried again until constant weights were 
reached. For all extruded samples, 24 h of heating time was used throughout the experiment. 
Moisture content (% dry basis) is presented as an average of six measurements. 
 
4.4.4 Surface Temperature 
An infrared camera was used to measure the temperature distribution on the surface of 
extrudates, which was recorded under steady-state conditions for every 0.05 s for 2 min. The 
surface temperatures were obtained from the infrared images using the ThermaCAM Researcher 
Pro 2.10 Analysis Software (FLIR systems, Inc.). For each image, the surface temperature along 
the length of extrudate was defined as the maximum temperature. Average values of ten 
measurements are reported. 
 
4.4.5 Data Analysis 
The average values of the data are reported with the error bars representing standard 
deviation. All statistical analyses were performed using SPSS (version 17.0, SPSS Inc., Chicago, 
IL). Duncan’s t-test was used to estimate the significant differences between various parameters 
at the 5% significance level. 
 
4.5 RESULTS AND DISCUSSION 
4.5.1 Physical Properties of Extrudates 
Apparent Density 
The variations in the apparent density of the extrudates, as a function of measuring time, 
feed moisture content, barrel temperature and screw speed, are shown in Table 4.1. For each feed 
moisture content, barrel temperature and screw speed, the apparent densities of the extrudates 
were not significantly affected by the measuring time. 
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For each measuring time, screw speed and barrel temperature of 120°C, the apparent 
density increased as the feed moisture content increased (p<0.05). At barrel temperature of 
140°C and screw speeds of 200 and 300 rpm, as feed moisture content increased the apparent 
density increased up to the measuring time of 10 s and 1 s, respectively. Beyond that, the 
apparent density was not significantly affected by feed moisture content. At screw speed of 400 
rpm, the apparent density was not significantly affected by the feed moisture content. Ilo, 
Tomschik, Berghofer, and Mundigler (1996) reported that the bulk density of maize grits was 
most dependent on feed moisture content. As the feed moisture content increased, the degree of 
starch gelatinization was decreased, which facilitated the increases in bulk density. 
For each measuring time, screw speed and low feed moisture content (18.3%), as the 
barrel temperature increased the apparent density increased. At higher feed moisture contents 
(26.1 and 34.8%), the apparent density increased as the barrel temperature decreased (p<0.05). 
These observations were consistent with previous studies (Ding, Ainsworth, Tucker, & Marson, 
2005; Thymi, Krokida, Pappa, & Maroulis, 2005). These studies reported similar findings for 
extruded corn starch and a rice snack. The expanded extrudates showed an increase in apparent 
density as feed moisture content increased and barrel temperature decreased.   
Significant differences in the apparent densities of the cornstarch samples extruded at 
different screw speeds were observed (p<0.05). For each measuring time, feed moisture content 
and barrel temperature, the apparent density of extrudates increased as the screw speed 
decreased. Similar results were reported for chickpea flour-based snack (Meng, Threinen, 
Hansen, & Driedger, 2010). Higher bulk density was observed at higher feed moisture content 
and lower screw speed and barrel temperature. 
 
Tap and True Densities 
The variations in the solid densities of the extrudates, as a function of feed moisture 
content, barrel temperature and screw speed, were evaluated. The extrusion conditions had no 
significant effects on the solid density of the extrudates. For determining the porosity, the 
average value of solid density was used. The average values of tap and true densities of 
cornstarch extrudates were 909.6 ± 29.0 and 1,424 ± 43.9 kg/m3, respectively.  
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The relationships between apparent and solid densities of extrudates were studied (Figure 
4.1). The apparent density did not correlate with tap and true densities for all extrusion 
conditions. In addition, the relation between tap and true densities of extrudates was investigated, 
as shown in Figure 4.2. The relationship between the tap and true densities can be expressed as 
  (4.2) 
where  is tap density and  is true density. It can be observed that tap density was linearly 
related to true density (R2 = 0.86).  
 
Porosity 
Porosity of the extrudates was found to be dependent on feed moisture content, barrel 
temperature and screw speed (Figure 4.3). For each feed moisture content, barrel temperature 
and screw speed combination, the porosities of the extrudates were not significantly affected by 
the measuring time. At each screw speed and barrel temperature of 120°C, the porosities of 
extrudates with feed moisture content of 18.3% were higher than those of 26.1 and 34.8% 
(p<0.05) but there was no significant difference between the porosities of extrudates with feed 
moisture content of 26.1 and 34.8%. Furthermore, at each screw speed and barrel temperature of 
140°C, the porosity was not significantly affected by the feed moisture content.  
For each screw speed and feed moisture content of 18.3%, decreasing barrel temperature 
increased the porosity of extrudates. Whereas at the higher feed moisture contents (26.1 and 
34.8%), porosity increased as the barrel temperature increased (p<0.05). Thymi, Krokida, Pappa, 
and Maroulis (2005) also observed the influence of the feed moisture content and barrel 
temperature on the porosity of the cornstarch extrudates. The porosity was found to be dependent 
on feed moisture content and barrel temperature. Decreasing feed moisture content and 
increasing barrel temperature increased the porosity of extrudates. 
For each feed moisture content and barrel temperature combination, the porosity of 
extrudates increased as the screw speed increased (p<0.05). These observations were consistent 
with the results from Ali, Hanna, and Chinnaswamy (1996), indicating that the total pore volume 
of the extrudated corn grits increased with increase in temperature and screw speed. 
  
tap true1.13 698.05ρ = ρ −
tapρ trueρ
 88 
Additionally, the relation between porosity and extrusion conditions was observed. The 
average porosity was used to represent the porosity for each extrusion condition as its value was 
not significantly affected by the measuring time. The analytical expression for the porosity was 
obtained using linear least squares fitting technique. The porosity of the extrudates, as a function 
of moisture content (M: 18.3-34.8%, d.b.), screw speed (S: 200-400 rpm) and temperature (T: 
120–140°C), is given as follows: 
 (4.3) 
The fitted equation provides a good representation of the porosity at various extrusion 
conditions (R2 = 0.83 and RMSE = 0.047). 
 
Expansion Ratio 
The effects of feed moisture content, barrel temperature and screw speed on the 
expansion ratio of the extrudates are shown in Figure 4.4. It can be seen that the expansion ratio 
of extrudates increased rapidly within 0.5 s because of the rapid change in pressure and then 
gradually decreased until a constant expansion ratio was achieved. When high-pressure melt is 
exposed to the ambient pressure (a large pressure drop), the liquid water inside the extrudates 
turns to steam and then the vapor quickly expands the extrudates (Fan, Mitchell, & Blanshard, 
1994; Valle, Vergnes, Colonna, & Patria, 1997). Also, heating of the melt resulted in a phase 
change that provided gas bubbles in the cornstarch matrix after the melt exited the die.  
For each screw speed and barrel temperature of 120°C, the expansion ratios of extrudates 
with feed moisture content of 18.3% were higher than those of 34.8 and 26.1%, respectively 
(p<0.05). Further, at barrel temperature of 140°C and screw speed of 200 rpm, the expansion 
ratios of extrudates with feed moisture content of 18.3% were lower than those of 26.1 and 
34.8%, respectively (p<0.05). However at barrel temperature of 140°C and screw speed of 300 
and 400 rpm, the expansion ratios of extrudates were not significantly affected by the feed 
moisture content.  
  
( )
( )
6 4 3
5 3 2
2.02 10 T 2.84 10 S 1.27 10 T 0.180 M
3.78 10 T 4.84 10 S 2.29 10 T 3.89
− − −
− − −
⎡ ⎤φ = − × + × + × −⎣ ⎦
+ × − × − × +
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For each screw speed and feed moisture content of 18.3%, it is notable that there was no 
significant difference between the expansion ratio values of the extrudates at different barrel 
temperatures. At feed moisture contents of 26.1 and 34.8%, the expansion ratios of extrudates 
increased as the barrel temperature increased (p < 0.05), which is consistent with the results from 
Chinnaswamy and Hanna (1988b), Thymi, Krokida, Pappa, and Maroulis (2005), Ryu and Ng 
(2001) and Ilo, Tomschik, Berghofer, and Mundigler (1996). These studies concluded that, as the 
feed moisture content decreased and barrel temperature increased during extrusion of cornstarch, 
wheat flour and whole cornmeal, gelatinization was more complete, resulting in more expansion.   
A significant difference in the expansion ratios of the cornstarch extruded at different 
screw speeds was observed (p<0.05). Expansion ratio increased for each feed moisture content 
and barrel temperature of 120°C when the screw speed increased. Ryu and Ng (2001) and 
(Meng, Threinen, Hansen, & Driedger, 2010) reported similar results for wheat flour, whole 
cornmeal and chickpea flour-based extrudates. As the screw speed increased, the specific 
mechanical energy input increased, which facilitated expansion. Similarly at barrel temperature 
of 140°C and feed moisture content of 18.3%, the expansion ratio increased when the screw 
speed increased (p<0.05), whereas at feed moisture content of 26.4%, the expansion ratio was 
not significantly affected by the screw speed. However, at feed moisture content of 34.8%, the 
expansion ratios of extrudates at screw speed of 400 rpm were lower than those of 200 and 300 
rpm (p<0.05). At feed moisture content of 34.8%, an increase in screw speed was expected to 
have caused a reduction in the expansion ratio because the gelatinization levels of starch may 
have been reduced at higher screw speeds (Chinnaswamy & Hanna, 1988). 
 
4.5.2 Extrudate Moisture 
The effects of feed moisture content, barrel temperature and screw speed on the moisture 
content of extrudates are presented in Figure 4.5. For all extrusion conditions, the moisture 
content of extrudates decreased significantly after exiting the die as the measuring time increased 
(p<0.05). An increase in feed moisture content resulted in greater moisture retention in the 
extrudates (p<0.05).  
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For each measuring time and screw speed, the moisture content of extrudates with feed 
moisture contents of 26.1 and 34.8% decreased when the barrel temperature increased (p<0.05), 
whereas at feed moisture content of 18.3%, the barrel temperature was not significantly affected 
by the moisture content of extrudates. For each measuring time, feed moisture content and barrel 
temperature, the moisture contents decreased as the screw speed increased (p<0.05).  
The apparent density can be estimated using the final moisture content of the extruded 
cornstarch. The apparent density values of the extrudates at different feed moisture contents are 
presented in Figure 4.6. Linear regression was used to fit data points to the following equation:  
  (4.4) 
where a and b are the constants and M is the final moisture content (% db) of the extrudates. All 
plots revealed that the apparent densities increased with increase in moisture content.  
 Similarly, the porosity was linearly related to the final moisture content of extruded 
cornstarch (Figure 4.7). The porosity decreased with the increase in the final moisture content of 
the extruded cornstarch. 
 
4.5.3 Surface Temperature 
The temperature distribution profiles at the surface of cornstarch extrudates, during 
expansion, obtained from infrared images are shown in Figure 4.8. It can be seen that the highest 
temperature was obtained at the beginning of expansion. Figure 4.9 and Figure 4.10 show the 
surface temperatures of extrudates, after leaving the die, first increased quickly and then 
decreased gradually as the distance from the die exit increased. For each barrel temperature and 
screw speed, the increase in the feed moisture content decreased the surface temperature of 
extrudates. This result is in agreement with previous conclusions from Singh, Sekhon, and Singh 
(2007) and Ding, Ainsworth, Tucker, and Marson (2005). The increase of the feed moisture 
content results in a decrease in melt temperature, which is attributable in part to the decrease in 
die pressure caused by reduced viscosity of the melt at higher moisture levels. 
For each screw speed and feed moisture content, an increase in barrel temperature 
resulted in higher surface temperatures of the extrudates (p<0.05). Surface temperature of the 
extrudates decreased for each feed moisture content and barrel temperature of 120°C when the 
screw speed decreased (p<0.05) (Figure 4.9). At barrel temperature of 140°C, the screw speed 
did not significantly affect the surface temperature of extrudates (Figure 4.10). The increase of 
aM bρ = +
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screw speed increased the pressure in the barrel that resulted in increase in melt temperature but 
it leads to a slight increase in pressure at higher temperature (Abecassis, Abbou, Chaurand, 
Morel, & Vernoux, 1994).  
   
4.6 CONCLUSIONS 
 Feed moisture content, barrel temperature and screw speed affected the density, porosity 
and expansion ratio of extruded cornstarch. By comparing the individual parameters for each 
extrusion condition, it was concluded that apparent density of cornstarch extrudates increased 
with increase in feed moisture content (except at screw speed of 400 rpm and barrel temperature 
of 140oC) but decreased with increase in barrel temperature (except at feed moisture content of 
18.3%) and screw speed. In contrast, porosity of cornstarch extrudates increased with increase in 
barrel temperature (except at feed moisture content of 18.3%) and screw speed but decreased 
with increase in feed moisture content (except at barrel temperature of 140oC).  
At barrel temperature of 120oC, decreasing feed moisture content and increasing screw 
speed, increased the expansion ratio of extrudates. A barrel temperature of 140oC, the effect of 
feed moisture content on the expansion ratio was influenced by the screw speed levels. At screw 
speed of 200 rpm, the expansion ratio of the extrudates increased with increase in feed moisture 
content. However, the feed moisture content had no significant effect on the expansion ratio of 
extrudates at screw speeds of 200 and 300 rpm. Similarly, at barrel temperature of 140oC, the 
effect of screw speed on the expansion ratio depended on the feed moisture content levels. At 
low feed moisture content (18.3%), an increase in screw speed led to increased expansion but at 
high feed moisture content (34.8%), an increase in screw speed decreased the expansion ratio. 
There was no significant effect of barrel temperature on the expansion ratio of extrudates with 
low feed moisture content (18.3%) but the expansion ratio of extrudates with feed moisture 
contents of 26.1 and 34.8% increased with increase in barrel temperature.  
Moreover, the moisture content and surface temperature of the extruded products were 
found to be dependent upon the extrusion conditions. Increasing feed moisture content caused 
greater moisture retention in the extrudates. Lower screw speed and barrel temperature resulted 
in increased moisture content of the extrudates. Furthermore, lower feed moisture content and 
higher screw speed led to increased surface temperature of cornstarch extrudates. Decreasing 
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barrel temperature caused lower surface temperature of the extrudates near the die exit but 
beyond that the barrel temperature had no effect on the surface temperature of extrudates. 
Understanding starch expansion behavior is important for a novel production design of 
new extruded products in order to reduce the losses and costs of the extrusion process. The 
knowledge from this study can be used for optimizing the process conditions, controlling the 
production process, and improving the expanded product characteristics.  
 
4.7 REFERENCES 
Abecassis, J., Abbou, R., Chaurand, M., Morel, M. H., & Vernoux, P. (1994). Influence of 
Extrusion Conditions on Extrusion Speed, Temperature, and Pressure in the Extruder and 
on Pasta Quality. Cereal Chemistry, 71(3), 247-253. 
Adamu, B. O. A. (2001). Resistant Starch Derived From Extruded Corn Starch and Guar Gum as 
Affected by Acid and Surfactants: Structural Characterization. Starch-Starke, 53(11), 
582-591. 
Agbisit, R., Alavi, S., Cheng, E., Herald, T., & Trater, A. (2007). Relationships Between 
Microstructure and Mechanical Properties of Cellular Cornstarch Extrudates. Journal of 
Texture Studies, 38(2), 199-219. 
Ali, Y., Hanna, M. A., & Chinnaswamy, R. (1996). Expansion Characteristics of Extruded Corn 
Grits. LWT, 29(8), 702-707. 
Anderson, R. A., Conway, H. F., & Peplinski, A. J. (1970). Gelatinization of Corn Grits by Roll 
Cooking, Extrusion Cooking and Steaming. Starch - Stärke, 22(4), 130-135. 
Andrade P., R. D., Lemus M., R., & Perez C., C. E. (2011). Models of Sorption Isotherms for 
Food: Uses and Limitations. Vitae, 18(3), 325-334. 
Arhaliass, A., Legrand, J., Vauchel, P., Fodil-Pacha, F., Lamer, T., & Bouvier, J. M. (2009). The 
Effect of Wheat and Maize Flours Properties on the Expansion Mechanism During 
Extrusion Cooking. Food and Bioprocess Technology, 2(2), 186-193. 
Bhattacharya, M., & Hanna, M. A. (1987). Kinetics of Starch Gelatinization During Extrusion 
Cooking. Journal of Food Science, 52(3), 764-766. 
Bird, R. B., Stewart, W. E., & Lightfoot, E. N. (2002). Transport Phenomena (2nd ed.). New 
York, NY John Wiley & Sons, Inc. 
 93 
Bolz, R. E., & Tuve, G. L. (1973). CRC Handbook of Tables for Applied Engineering Science 
(2nd ed.). Boca Ratón, FL: CRC Press. 
Carvalho, C. W. P., Takeiti, C. Y., Onwulata, C. I., & Pordesimo, L. O. (2010). Relative Effect 
of Particle Size on the Physical Properties of Corn Meal Extrudates: Effect of Particle 
Size on the Extrusion of Corn Meal. Journal of Food Engineering, 98(1), 103-109. 
Chanvrier, H., Della Valle, G., & Lourdin, D. (2006). Mechanical Behaviour of Corn Flour and 
Starch-Zein Based Materials in the Glassy State: A Matrix-Particle Interpretation. 
Carbohydrate Polymers, 65(3), 346-356. 
Chillo, S., Civica, V., Iannetti, M., Mastromatteo, M., Suriano, N., & Del Nobile, M. A. (2010). 
Influence of Repeated Extrusions on Some Properties of Non-Conventional Spaghetti. 
Journal of Food Engineering, 100(2), 329-335. 
Chinnaswamy, R., & Hanna, M. A. (1988). Optimum Extrusion-Cooking Conditions for 
Maximum Expansion of Corn Starch. Journal of Food Science, 53(3), 834-836. 
Cyras, V. P., Martucci, J. F., Iannace, S., & Vazquez, A. (2002). Influence of the Fiber Content 
and the Processing Conditions on the Flexural Creep Behavior of Sisal-PCL-Starch 
Composites. Journal of Thermoplastic Composite Materials, 15(3), 253-265. 
Denny, M. W. (1993). Air and Water: The Biology and Physics of Life's Media. New Jersey: 
Princeton University Press. 
Ding, Q. B., Ainsworth, P., Tucker, G., & Marson, H. (2005). The Effect of Extrusion 
Conditions on the Physicochemical Properties and Sensory Characteristics of Rice-Based 
Expanded Snacks. Journal of Food Engineering, 66(3), 283-289. 
Ditudompo, S., Takhar, P. S., Ganjyal, G. M., & Hanna, M. A. (2013). The Effect of 
Temperature and Moisture on the Mechanical Properties of Extruded Cornstarch. Journal 
of Texture Studies, 44(3), 225-237. 
Domingo, B. J., & Morris, S. A. (1999). Mechanical Performance Studies on Extruded 
Cornstarch-Based Plastic Manufactures. Journal of Applied Polymer Science, 71(13), 
2147-2154. 
Fan, J., Mitchell, J. R., & Blanshard, J. M. V. (1994). A Computer Simulation of the Dynamics 
of Bubble Growth and Shrinkage During Extrudate Expansion. Journal of Food 
Engineering, 23(3), 337-356. 
 94 
Fan, X. P., Xu, W., Zhou, J. H., & Xiang, H. (2011). FEM Simulation of Elastic Properties of 
Closed-Cell Starch Extrudate with Spherical Pores. Advanced Materials Research, 236, 
2429-2435. 
Feng, H., Tang, J., Plumb, O. A., & Cavalieri, R. P. (2004). Intrinsic and relative permeability 
for flow of humid air in unsaturated apple tissues. Journal of Food Engineering, 62(2), 
185-192. 
Harper, J. M., & Clark, J. P. (1979). Food Extrusion. C R C Critical Reviews in Food Science 
and Nutrition, 11(2), 155-215. 
Hwang, C. H., Heldman, D. R., Chao, R. R., & Taylor, T. A. (1999). Changes in Specific Heat of 
Corn Starch Due to Gelatinization. Journal of Food Science, 64(1), 141-144. 
Hwang, M. P., & Yakawa, K.-I. H. (1980). Bulk Densities of Cookies Undergoing Commercial 
Baking Processes. Journal of Food Science, 45(5), 1400-1402. 
Ilo, S., Tomschik, U., Berghofer, E., & Mundigler, N. (1996). The Effect of Extrusion Operating 
Conditions on the Apparent Viscosity and the Properties of Extrudates in Twin-Screw 
Extrusion Cooking of Maize Grits. LWT - Food Science and Technology, 29(7), 593-598. 
Lazou, A., & Krokida, M. (2010). Structural and Textural Characterization of Corn–Lentil 
Extruded Snacks. Journal of Food Engineering, 100(3), 392-408. 
Leonel, M., Freitas, T. S. d., & Mischan, M. M. (2009). Physical Characteristics of Extruded 
Cassava Starch. Scientia Agricola, 66, 486-493. 
Mao, L. J., Imam, S., Gordon, S., Cinelli, P., & Chiellini, E. (2000). Extruded Cornstarch-
Glycerol-Polyvinyl Alcohol Blends: Mechanical Properties, Morphology, and 
Biodegradability. Journal of Polymers and the Environment, 8(4), 205-211. 
Maroulis, Z. B., Shah, K. K., & Saravacos, G. D. (1991). Thermal Conductivity of Gelatinized 
Starches. Journal of Food Science, 56(3), 773-776. 
Meng, X., Threinen, D., Hansen, M., & Driedger, D. (2010). Effects of Extrusion Conditions on 
System Parameters and Physical Properties of a Chickpea Flour-Based Snack. Food 
Research International, 43(2), 650-658. 
Musa, H., Gambo, A., & Bhatia, P. G. (2011). Studies on some Physicochemical Properties of 
Native and Modified Starches from Digitaria iburua and Zea mays. Int J. Pharm Sci, 3(1), 
28-31. 
 95 
Ni, H., Datta, A. K., & Torrance, K. E. (1999). Moisture Transport in Intensive Microwave 
Heating of Biomaterials: A Multiphase Porous Media Model. International Journal of 
Heat and Mass Transfer, 42(8), 1501-1512. 
Onwulata, C. I., Smith, P. W., Konstance, R. P., & Holsinger, V. H. (2001). Incorporation of 
Whey Products in Extruded Corn, Potato or Rice Snacks. Food Research International, 
34(8), 679-687. 
Panagiotis, A. M., Magdalini, K. K., Bisharat, G. I., Dimitris, M.-K., & Mohammad Shafiur, R. 
(2009). Measurement of Density, Shrinkage, and Porosity Food Properties Handbook 
(2nd ed.): CRC Press. 
Patil, R. T., Berrios, J. J., Tang, J., & Swanson, B. B. (2007). Evaluation of Methods for 
Expansion Properties of Legume Extrudates. Applied engineering in agriculture, 23(6), 
777-783. 
Perry, R. H., & Green, D. W. (1997). Perry’s Chemical Engineers’ Handbook (7th ed.). New 
York: McGraw-Hill. 
Poling, B. E., Prausnitz, J. M., & O’Connell, J. P. (2001). The Properties of Gases and Liquids: 
McGraw-Hill. 
Robin, F., Dubois, C., Pineau, N., Schuchmann, H. P., & Palzer, S. (2011). Expansion 
Mechanism of Extruded Foams Supplemented with Wheat Bran. Journal of Food 
Engineering, 107(1), 80-89. 
Robin, F., Engmann, J., Pineau, N., Chanvrier, H., Bovet, N., & Della Valle, G. (2010). 
Extrusion, Structure and Mechanical Properties of Complex Starchy Foams. Journal of 
Food Engineering, 98(1), 19-27. 
Ryu, G. H., & Ng, P. K. W. (2001). Effects of Selected Process Parameters on Expansion and 
Mechanical Properties of Wheat Flour and Whole Cornmeal Extrudates. Starch - Stärke, 
53(3-4), 147-154. 
Sawant, A. A., Thakor, N. J., Swami, S. B., & Divate, A. D. (2013). Physical and Sensory 
Characteristics of Ready-To-Eat Food Prepared from Finger Millet Based Composite 
Mixer by Extrusion. Agricultural Engineering International: CIGR Journal, 15(1), 100-
105. 
 96 
Shafi, M. A., Lee, J. G., & Flumerfelt, R. W. (1996). Prediction of Cellular Structure in Free 
Expansion Polymer Foam Processing. Polymer Engineering & Science, 36(14), 1950-
1959. 
Shogren, R. L. (1992). Effect of Moisture-Content on the Melting and Subsequent Physical 
Aging of Cornstarch. Carbohydrate Polymers, 19(2), 83-90. 
Singh, B., Sekhon, K. S., & Singh, N. (2007). Effects of Moisture, Temperature and Level of Pea 
Grits on Extrusion Behaviour and Product Characteristics of Rice. Food Chemistry, 
100(1), 198-202. 
Stanish, M. A., Schajer, G. S., & Kayihan, F. (1986). A mathematical model of drying for 
hygroscopic porous media. AIChE Journal, 32(8), 1301-1311. 
Thymi, S., Krokida, M. K., Pappa, A., & Maroulis, Z. B. (2005). Structural Properties of 
Extruded Corn Starch. Journal of Food Engineering, 68(4), 519-526. 
Vagenas, G. K., & Karathanos, V. T. (1993). Prediction of the Effective Moisture Diffusivity in 
Gelatinized Food Systems. Journal of Food Engineering, 18(2), 159-179. 
Valle, G. D., Vergnes, B., Colonna, P., & Patria, A. (1997). Relations Between Rheological 
Properties of Molten Starches and Their Expansion Behaviour in Extrusion. Journal of 
Food Engineering, 31(3), 277-295. 
Vargnaftik, N. B. (1975). Tables of Thermophysical Properties of Liquids and Gases: in Normal 
and Dissociated States (2nd ed.). Washington: Hemisphere Publishing. 
Wang, L., Ganjyal, G. M., Jones, D. D., Weller, C. L., & Hanna, M. A. (2005). Modeling of 
Bubble Growth Dynamics and Nonisothermal Expansion in Starch-Based Foams during 
Extrusion. Advances in Polymer Technology, 24(1), 29-45. 
Zábranský, M., Růžička, V., & Domalski, E. S. (2002). Heat Capacity of Liquids: Critical 
Review and Recommended Values. Supplement I. Journal of Physical and Chemical 
Reference Data, 30(5), 1199-1689. 
Zhu, L. J., Shukri, R., de Mesa-Stonestreet, N. J., Alavi, S., Dogan, H., & Shi, Y. C. (2010). 
Mechanical and Microstructural Properties of Soy Protein - High Amylose Corn Starch 
Extrudates in Relation to Physiochemical Changes of Starch during Extrusion. Journal of 
Food Engineering, 100(2), 232-238. 
 97 
 
Figure 4.1  Relationship between apparent density, tap and true densities of cornstarch 
extruded at various extrusion conditions (feed moisture content of 18.3, 26.1 and 
34.8% and barrel temperature of 120 and 140°C) 
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Figure 4.2  Relationship between tap and true densities of extruded cornstarch 
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Figure 4.3  Porosity of cornstarch extruded at different feed moisture contents, barrel 
temperatures and screw speeds   
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Figure 4.4  Expansion ratio of cornstarch extruded at different feed moisture contents, barrel 
temperatures and screw speeds   
0.5 
1.0 
1.5 
2.0 
2.5 
0.00 0.03 0.06 0.09 0.12 
Ex
pa
ns
io
n 
ra
tio
 
Distance from die exit (m) 
(a) 18.3% and 120oC 
200 rpm 
300 rpm 
400 rpm 
0.5 
1.0 
1.5 
2.0 
2.5 
0.00 0.03 0.06 0.09 0.12 
Ex
pa
ns
io
n 
ra
tio
 
Distance from die exit (m) 
(b) 18.3% and 140oC 
200 rpm 
300 rpm 
400 rpm 
0.5 
1.0 
1.5 
2.0 
2.5 
0.00 0.03 0.06 0.09 0.12 
Ex
pa
ns
io
n 
ra
tio
 
Distance from die exit (m) 
(c) 26.1% and 120oC 
200 rpm 
300 rpm 
400 rpm 
0.5 
1.0 
1.5 
2.0 
2.5 
0.00 0.03 0.06 0.09 0.12 
Ex
pa
ns
io
n 
ra
tio
 
Distance from die exit (m) 
(d) 26.1% and 140oC 
200 rpm 
300 rpm 
400 rpm 
0.5 
1.0 
1.5 
2.0 
2.5 
0.00 0.03 0.06 0.09 0.12 
Ex
pa
ns
io
n 
ra
tio
 
Distance from die exit (m) 
(e) 34.8% and 120oC 
200 rpm 
300 rpm 
400 rpm 
0.5 
1.0 
1.5 
2.0 
2.5 
0.00 0.03 0.06 0.09 0.12 
Ex
pa
ns
io
n 
ra
tio
 
Distance from die exit (m) 
(f) 34.8% and 140oC 
200 rpm 
300 rpm 
400 rpm 
 101 
 
Figure 4.5  Moisture content of cornstarch extruded at different feed moisture contents, barrel 
temperatures and screw speeds  
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Figure 4.6  Relation of apparent density and final moisture content of the extrudates at 
various feed moisture contents, screw speeds and barrel temperatures  
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Figure 4.7  Relation of porosity and final moisture content of the extrudates at various feed 
moisture contents, screw speeds and barrel temperatures  
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Figure 4.8  Infrared images of the surface temperature of cornstarch extruded at screw speed 
of 300 rpm, barrel temperature of 140oC and feed moisture content of 18.3, 26.1 
and 34.8%. 
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Figure 4.9  Surface temperature of cornstarch extruded at barrel temperature of 120°C and 
different feed moisture contents and screw speeds   
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Figure 4.10  Surface temperature of cornstarch extruded at barrel temperature of 140°C and 
different feed moisture contents and screw speeds   
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Table 4.1  Apparent density (kg/m3) of cornstarch extruded at different feed moisture contents, 
barrel temperatures and screw speeds  
 
Temperature 
Moisture 
Content 
(%d.b.) 
Time 
(s) 
Screw Speed 
200 rpm 300 rpm 400 rpm 
120°C 18.3 1 277.8 c,A ± 38.0 209.5 d,A ± 27.9 206.3 b,A ± 17.9 
  
5 282.0 c,A ± 40.0 219.7 d,AB ± 30.4 204.4 b,B ± 23.6 
  
10 298.9 c,A ± 41.9 233.0 d,AB ± 30.4 208.7 b,B ± 8.2 
  
20 324.2 c,A ± 45.5 244.0 d,B ± 32.1 229.9 b,B ± 23.0 
  
40 301.9 c,A ± 39.5 232.0 d,AB ± 32.1 212.8 b,B ± 28.5 
 
26.1 1 744.5 ab,A ± 65.3 535.6 bc,B ± 60.5 410.4 a,C ± 65.7 
  
5 761.5 a,A ± 73.2 493.8 c,B ± 63.9 425.3 a,C ± 71.3 
  
10 691.7 ab,A ± 38.2 510.9 bc,B ± 75.8 407.4 a,C ± 68.5 
  
20 732.6 ab,A ± 73.0 526.3 bc,B ± 47.7 440.6 a,C ± 77.8 
  
40 729.1 ab,A ± 45.9 533.7 bc,B ± 85.2 387.0 a,C ± 44.2 
 
34.8 1 692.0 ab,A ± 70.0 661.3 a,A ± 40.5 446.7 a,B ± 48.3 
  
5 709.5 ab,A ± 72.5 601.1 a,B ± 30.6 428.6 a,C ± 56.9 
  
10 746.5 ab,A ± 81.5 659.4 a,B ± 71.3 404.1 a,C ± 52.6 
  
20 690.0 b,A ± 90.3 568.8 ab,B ± 66.8 399.7 a,C ± 54.5 
  
40 726.6 ab,A ± 79.7 609.9 a,B ± 92.1 451.4 a,C ± 86.0 
a-d  Different letters in the same column at the same temperature indicate a significant 
difference (p<0.05) 
A-C  Different letters in the same row indicate a significant difference (p<0.05) 
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Table 4.1  (cont.)  
 
Temperature 
Moisture 
Content 
(%d.b.) 
Time 
(s) 
Screw Speed 
200 rpm 300 rpm 400 rpm 
140°C 18.3 1 346.6 ab,A ± 39.5 264.8 b,B ± 36.9 239.3 ab,B ± 17.2 
  
5 314.9 b,A ± 51.0 282.2 ab,AB ± 42.0 229.9 ab,B ± 12.7 
  
10 338.5 ab,A ± 46.6 291.1 ab,AB ± 49.0 233.0 ab,B ± 30.4 
  
20 367.4 ab,A ± 50.1 268.8 ab,B ± 36.3 213.6 ab,B ± 28.0 
  
40 339.2 ab,A ± 50.2 255.5 b,B ± 12.0 212.9 ab,B ± 22.3 
 
26.1 1 399.1 a,A ± 64.3 255.1 b,B ± 13.8 209.4 ab,B ± 26.2 
  
5 374.2 ab,A ± 35.0 245.5 b,B ± 47.5 214.5 ab,B ± 17.7 
  
10 397.9 a,A ± 60.8 254.8 b,B ± 30.4 210.4 ab,B ± 23.0 
  
20 407.0 a,A ± 48.3 281.2 ab,B ± 40.0 193.9 b,C ± 27.4 
  
40 368.1 ab,A ± 62.4 265.9 b,B ± 22.1 192.5 b,B ± 11.4 
 
34.8 1 393.1 a,A ± 46.2 341.8 a,AB ± 46.5 274.3 a,B ± 33.3 
  
5 391.4 a,A ± 21.7 287.5 ab,B ± 17.3 251.9 ab,B ± 24.0 
  
10 361.4 ab,A ± 58.1 270.8 ab,B ± 18.3 235.5 ab,B ± 16.1 
  
20 351.0 ab,A ± 54.7 287.0 ab,AB ± 26.5 222.9 ab,B ± 11.4 
  
40 333.6 ab,A ± 64.9 297.2 ab,A ± 28.6 216.2 ab,B ± 33.0 
a-d  Different letters in the same column at the same temperature indicate a significant 
difference (p<0.05) 
A-C  Different letters in the same row indicate a significant difference (p<0.05) 
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CHAPTER 5  
OVERALL CONCLUSIONS AND SUGGESTIONS FOR FUTURE STUDIES 
 
 
The porous structure of starch expansion is formed with the unique structural, mechanical 
and textural characteristics after the starch melt passes through the die nozzle. Expansion is a 
very critical process that controls the final extrudate characteristics. Thus, it is necessary to 
understand the starch expansion mechanisms in order to control and/or improve the functionality 
of expanding products. As the expansion was a complex process, the experimental works were 
not capable to clearly explain the expansion mechanisms. The predictive model was developed 
base on HMT to identify the effect of extrusion conditions on properties of the starch expansion. 
HMT involves upscaling of microscale equations to macroscale using filtering theorems so the 
material properties and transport parameters can be determined from macroscale experiment or 
obtained from other experimental studies using conventional methods. To begin with, the 
viscoelastic properties of the extrudate as a function of extrusion conditions were measured using 
the DMA, which enables the individualization and characterization of the elastic and viscous 
components of viscoelastic materials. The viscoelastic properties obtained in this experiment 
were used in the poroviscoelastic model for solving the transport processes occurred in the starch 
expansion. Moreover, these properties also provide an indication about the textural 
characteristics of starch as a function of extrusion conditions.  
Next, the predictive model was developed to identify the effect of process parameters on 
properties of the starch expansion. The model consisted of coupled two–scale multiphase 
equations of mass, momentum and energy transport with the poroviscoelasticity equations. The 
transport equations were transformed from the moving Eulerian coordinates to the stationary 
Lagrangian coordinates. At microscale, the solid and fluid phases were considered as viscoelastic 
and viscous, respectively. At macroscale, the interaction between the viscoelastic solid and the 
viscous fluids in pores resulted in a poroviscoelastic extrudate matrix. This model performed 
very well when compared the predicting results with the experimental results in terms of surface 
temperature, moisture content and expansion ratio of the extrudates at different extrusion 
conditions (AAD = 0.4–30.6% and CV = 0.5–32.0%). Also, the model can be used to simulate 
the temperature, moisture content, and pressure distribution within the extrudate. Moreover, this 
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model can be used to indicate the state (glassy or rubbery) of the materials at different spatial 
locations across the cross–section of the extrudate.  
In conclusion, this model framework of starch expansion provides a good guidance for 
understanding the expansion mechanism and using to improve the design, optimizing and/or 
controlling the extrusion process of starches and other biopolymers. 
For future studies, it will be very useful to investigate and model the changes of 
viscoelastic properties of the starch extruded at the different extrusion conditions, which can be 
coupled with the expansion model. The coupled model is expected to improve the accuracy of 
expansion prediction.  
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